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Abstract 
This thesis examines existing normalisation procedures against the back-
ground of a theoretical model of inter-speaker formant variability, which 
describes observed formant differences in three major categories: pho-
netic variation, non-uniform variation, and uniform variation. A new 
normalisation strategy based on this model is proposed which involves 
the removal of uniform and non-uniform components of inter-speaker 
variation in order to isolate phonetic variation. The nature of this non-
uniformity is subject to empirical investigation. Working along the above 
strategy, the method adopted in this thesis is to initially acquire a pho-
netically stable vowel database, which is then screened for phonetic vari-
ations through a rigorous phonetic control procedure. The resulting 
data, now considered to be phonetically homogeneous, are used for ex-
ploring two essential domains of inter-speaker variability that contribute 
to the designing of a future normalisation procedure: (1) By applying 
uniform transformations using a variety of published scaling parame-
ters, the most effective uniform scaling parameters are identified. (2) 
Non-uniform inter-speaker variation patterns are analysed and compared 
with the published results of Fant (1975). A major discovery is that 
non-uniform inter-speaker variation patterns obtained from phonetically 
controlled data are grossly different from those observed by Fant. 
The present database comprises 594 vowels in the /h_d/ word context 
(11 phonemic monophthongs x 9 speakers x 6 repetitions), and the speak-
ers include 4 adult females, 3 adult males and 2 children (male). 
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1.1 Historical Perspective 
Ever since formant specification began to be used for the description of vowels, the 
problem of how to account for the variations which exist between different speakers, 
independent of the phonetic quality of the vowels, has been an intrinsic accompani-
ment to the usefulness of the technique. It is not certain who registered the first ac-
counts of this phenomenon, but it was as early as 1948 when Martin Joos introduced 
the readers of Language to the problem of inter-speaker formant variation. Joos il-
lustrated that even simple three-vowel systems of different speakers represented in a 
two-dimensional formant space do not readily coincide when superimposed, and in 
the same volume, discussed the way in which to moderate the variation. Since then, 
the so-called speaker normalisation (or standardisation) problem has become one of 
the major challenges of modern acoustic phonetics. To date, there have been many 
normalisation-related publications and at least a dozen strategy proposals, but a 
conclusive solution to this problem is yet to emerge. 
The results of research efforts have emerged in the literature in three recognis-
able stages. In the first stage, in the early 1950's shortly following Joos (1948), there 
appeared two illuminating studies of inter-speaker formant variations, viz., Potter 
and Steinberg (1950) and Peterson and Barney (1952). The data contained in these 
early studies amply demonstrate the extent of inter-speaker formant variability and 
are still frequently used or cited by many investigators today. 
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A decade and a half passed before these were followed by the three well-known 
normalisation studies of Fant (1966), Gerstman (1968), and Lobanov (1971), which 
heralded the era of concentrated efforts to find an effective speaker normalisation 
procedure. An atmosphere of optimism pervaded this era; there was a general feel-
ing that a fairly simple mathematical relationship and thereby a definitive speaker 
normalisation procedure, simple but effective, could be found through a careful 
examination of multi-speaker formant data. The main trend of this period is rep-
resented by the last two of the three works cited in this group, together with a 
slightly earlier work by Foulkes (1961) which might perhaps epitomise the trend 
more sharply, where normalisation solutions were sought in graphic manipulations 
of the data. Fant, on the other hand, investigated inter-speaker-category scaling, 
which anticipated the trend of the later stage. 
The third stage of normalisation research began around the mid-1970's; the 
characteristic of this period up to today has been the more diverse approaches to the 
normalisation problem. While the earlier studies sought mathematical solutions in 
the acoustic domain of data only, studies in this later group consider other domains 
. 
as well-viz., articulatory and auditory domains-for the explanation of acoustic 
variation. Studies with articulatory considerations include a vocal-tract length nor-
malisation method (Wakita 1977), an average fourth formant scaling method (Lade-
foged 1975), and a method involving a scaling by the average third formant of open 
vowels (Nordstrom and Lindblom 1975), all of which seek to compensate for the 
consequences of different vocal tract lengths. Fant's normalisation proposal (1975) 
adds a speaker-category-specific non-uniform scaling to the Nordstrom and Lind-
blom method. A method based on a mechanism of peripheral auditory processing 
was espoused by Bladon et al. (1982, 1983); based on an auditory model by Bladon 
and Lindblom (1981) incorporating the measurements of critical bands and masking 
by Zwicker (1961, 1970), their approach views normalisation firstly as an acoustic-
auditory transformation, followed by a shift of an auditory spectral template on a 
Bark scale. 
The major attitudinal dichotomy in the history of normalisation research has 
been between the position that views the problem as one of modelling the natural 
abstraction process of the human auditory and cognitive mechanism and the posi-
tion that regards the problem as a technical problem of transforming acoustically 
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measured data in such a way as to facilitate the discrimination of vowel categories. 
The former position represents a scientific approach to the problem, in which 
normalisation strategies are established on the basis of plausible and testable hy-
potheses about the abstraction process of the human system induced through ob-
servation of relevant data. In this approach, normalisation implies two distinct 
processes: (i) normalisation as the abstraction process of the human auditory and 
cognitive system, which is the object of scientific investigation, and (ii) normalisation 
as a data transformation which simulates the natural process. 
The other position represents an engineering approach to the problem, in which 
the main concern is to find an optimal data-transformation method for the maximum 
reduction of speaker variance in the data. 
The majority of recent normalisation works implicitly assume the scientific 
stance; there is usually some theoretical or empirical justification for a given trans-
formation. A purely engineering approach is exemplified by the method of Foulkes 
(1961). Procedures by Gerstman (1968) and Lobanov (1971) are considered to be-
long here as well in terms of their variance-reduction oriented motivation; however, 
it is also possible to consider that these procedures are partly motivated by a percep-
tual hypothesis which suggests that vowel category recognition involves peripheral 
vowel contrasts, and in that sense the distinction becomes less clear. 
1.2 Normalisation as an Acoustic-Phonetic In-
terface 
Generally in the context of acoustic phonetics, the normalisation problem refers to 
the problem of accounting for the phenomenon of phonetic invariance in acoustic 
diversity: The essence of the problem is captured in the formulation: "How does 
a listener perceive two vowels uttered by different speakers to be the same while 
their acoustic specifications are different?" The "sameness" usually implies either 
phonetic or phonemic sameness depending on whether the listener is a phonetician 
or a native language user. The phonemic goal has often been preferred for automatic 
































Figure 1.1: Normalisation and Its Environment 
Lobanov (1971), while the phonetic goal is useful for the purposes of linguists and 
phoneticians as discussed by Hindle (1978), Oasa (1980), and Disner (1980, 1983). 
In the present study, normalisation is considered as a process of abstraction-
broadly of any information from acoustic data, but especially one of abstracting fine 
(narrow) phonetic information. The diagram in Figure 1.1 illustrates the function 
-
of normalisation in the environment of a speech recognition model. 
It is assumed that the general aim of this model is to map an acoustic represen-
tation onto a phonemic representation. The upper levels of abstraction are not held 
as a contentious issue here. Although the exact status of the phonemic representa-
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tion in a phonological model may vary with one's theoretical persuasion1 , suffice it 
to say that there is some justification in the fact that phonemes have been widely 
used as canonical segmental objects in experiments by speech scientists and that 
it is possible to pursue the current discussion, which centres around the phonetic 
end of the phonological derivation, without the exact definitions of the higher, more 
theoretical levels of representation. The phoneme represents the smallest distinctive 
unit of sound that can change the meaning of a word, and for the purposes of speech 
experiments it is also the smallest unit of sound quality by which native listeners 
recognise individual vowels and consonants in perception experiments. 
Phoneticians recogmse finer characteristics in sounds2 • The phonetic repre-
sentation then includes all the details which are auditorily perceived by a trained 
phonetician and which have linguistic functions in a broad sense, be it a dialect 
marker, a sociolect marker, a social register marker or any feature that is a result of 
the speaker's communicative intent (cf., Nolan 1980:24-25, 46)-in fact, any feature 
which has some 'information value' to the listener3 . The foremost criterion for the 
phonetic representation is that a characteristic must be heard (i.e., distinguishable 
by the human auditory mechanism) for it potentially to fulfil any linguistic function. 
Therefore, the phonetic representation includes only the details that are auditorily 
perceivable by a phonetically trained listener, and excludes details about the proper-
ties of the signal that are supplied by implementation rules but are inaudible; these 
include, for example, coarticulation effects such as the transition between a vowel 
and an adjacent consonant4 • 
1 For instance, in a generativist theory, the phonemic representation level is abandoned and 
the phonological rules operate between the more abstract 'systematic phonemic representation' (a 
term used by, for example, Schane (1973) and a little reluctantly by Chomsky and Halle (1968) to 
denote a representation which contains essentially morphophonemic information) and the phonetic 
representation. 
2This is not to say that native language users do not recognise sub phonemic characteristics; the 
fact is that they do, obviously as evidenced by the existence of paralinguistic functions of language, 
but are not equipped with the method and skill that the phoneticians have in objectively recording 
them. 
3There are really two phonetic representations for a speech event: one for the speaker as a 
realisatiorr of his or her communicative intent, and one for the listener as the result of his or her 
phonetic abstraction. In an ideal situation, the two phonetic representations are identical, but they 
may be different since information loss is ubiquitous, occurring in any part of the speech chain: in 
implementation, articulation, transmission, audition, and even in the cognitive process involving 
decoding errors due to phonological or experiential reasons. In the context of the present study, 
only the listener's phonetic representation is relevant. 
4This treatment of the exclusion of the effects of implementation rules is in agreement with that 
of Chomsky and Halle (1968:295). 
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The phonemic representation is mapped onto the phonetic representation by 
a set of allophonic realisation rules, dialect rules which include sociolect rules and 
stylistic adjustment rules, and further speaker-specific adjustment rules. Although it 
is not obligatory, it may be useful to conceive of an intermediate level of abstraction 
which might be termed a systematic phonetic representation. It is an aspect of 
the phonetician's skill to produce phonetic descriptions of utterances with varying 
degrees of 'narrowness'. The phonetic representation, by the present definition, 
involves the narrowest descriptions, but if the descriptions are made 'broad' enough 
to ignore speaker-specific phonetic peculiarities and capture only those phonetic 
characteristics that are common to the speakers' sociolect, dialect, or language, 
such descriptions are highly useful for the purpose of cross-dialect or cross-language 
phonetic comparison. This level of description should not be confused with the 
phonemic representation; the former retains phonetic information in absolute values, 
thereby enabling cross-system comparisons of phonetic characteristics, while the 
latter involves descriptions which indicate distinctive contrasts only, enabling cross-
system comparisons of segmental inventory characteristics. 
The acoustic representation comprises any acoustic data-parametric data or 
whole spectrum data-but most commonly a set of the lower formant frequency 
values sometimes with accompanying bandwidth or amplitude information. 
Normalisation in general is a hypothesis about the mapping between all levels 
of representation. In the environment of the interface between the phonetic and 
acoustic representations in Figure 1.1, a normalisation hypothesis, whose design is 
to enhance the resolution of phonetic information in the acoustic representation 
by way of transformations of the data in the acoustic or auditory domain, is de-
picted as an attempt to bridge or at least narrow the gap between the two levels of 
representation. In this area, each normalisation hypothesis will bring the acoustic 
front-end closer to the phonetic representation until, it is hoped, a definitive hypoth-
esis ( whi_ch may incorporate several steps) is found which will reduce the interface 
to a straightforward one to one relationship. 
The term normalisation is rather unfortunate since it implies the existence of 
'abnormal' elements which need to be made 'normal'. It is also problematic in that it 
suggests the existence of an arbitrary 'normal' category among the natural classes for 
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which there is no empirical justification; for instance, an idealised speaker category 
such as "adult male speakers" is commonly used as a 'norm' to whose data all other 
speaker categories' data are to be normalised, but in this specific case, the only 
possible justifications are the dictates of tradition and methodological convenience. 
An alternative term standardisation also suffers from similar connotations. Selective 
abstraction would be a more appropriate term since it is the abstraction process of 
some specific information (usually phonetic) that the 'normalising' transformations 
of data are designed to simulate. 
The problems mentioned so far are essentially semantic ones; however, there is 
a further, more subtle but potentially more serious problem implicated by the first 
point of the last paragraph. That is, even though the variances in the data may 
not necessarily be regarded as 'abnormal' entities, it is still a usual practice in the 
normalisation process to attempt to eliminate them. This could pose a problem 
because, in abstracting phonetic information, the human auditory-cognitive system 
does not appear to lose other information which is not coded phonetically5-e.g., 
speaker's sex, age, bodily size, health conditions (cold)6 , etc.-which normalisation 
procedures usually attempt to eliminate in order to enhance phonetic information. 
Normalisation, in this strict sense only, may have severe limitations in its ability to 
model natural processes. If there is a deficiency in an operation of normalisation, 
it may well lie in the fact that no record is kept of the type of variation that is 
eliminated. A comprehensive model of abstraction process without any information 
loss is ideal. Such a model will not simply eliminate information-carrying variances 
but rather sort them so that each type of information will be represented at a higher 
level after abstraction. Given that the current knowledge is still a long way from the 
attainment of such a comprehensive model, research must concentrate on discovering 
an appropriate model for the abstraction process of one type of information from 
acoustic data at a time while ensuring that the transformations used to control or 
remove other variances do not in any way affect the information thus abstracted. 
5 Cues for the recognition of these speaker characteristics are present largely in the source 
(phonation) characteristics, so a normalisation involving the manipulation of formant frequency 
data only may not necessarily render the recovery of them impossible; still, in the absence of 
concrete knowledge about whether formant variations due to different vocal tract lengths contain 
non-redundant cues for speaker characterisation, it will be premature to conclude that there is no 
information loss about the speakers if a normalisation is performed on formant data. 
6Presumably codable in terms of Laver's phonetic settings (1980). 
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1.3 Definition of Normalisation 
Various goals or output representation levels are assumed by different normalisation 
methods. Speech processing tasks involving normalisation dictate specific levels of 
representation required for the abstracted information. Nevertheless, situations are 
occasionally encountered in acoustic phonetic studies7 where investigators perform 
a "normalisation"-usually some published method-on their data, informing the 
reader of neither the type nor the range of the normalisation, possibly on the as-
sumption that these are made obvious by the name of the published normalisation 
method and the context of their study; yet, it is often the case that the effect of 
that normalisation is not precisely suitable for the data or purpose of investigation. 
A normalisation operation without a definition is fraught with the risk of obtaining 
erroneous results. 
The effectiveness of a normalisation operation must be evaluated by the re-
duction of a particular element of the data's variance due to an identified source 
whose effect is to be minimised without perturbing the effects of other elements of 
variance. With some existing normalisation procedures such as those by Gerstman 
(1968) and Lobanov (1971 ), identification of the precise sources of the variance re-
duced is impossible. Their approach is holistic, and their effectiveness was evaluated 
by the resemblance of the data clusters between the normalised data and listeners' 
phonemic judgements. Although the general class of "range procedures" including 
these two procedures could be considered to be based on a perceptual hypothesis 
which suggests that vowel category recognition utilises the peripheral vowels as a 
reference frame, the claim is not well supported (Verbrugge et al. 1976). The assess-
ment of whether or not these procedures are suitable for a given normalisation task 
must ultimately depend on each investigator's definition of his or her normalisation 
requirements. 
A definition of the functional aspect of normalisation in the context of a speech 
recognition model has been already alluded to (Section 1.2): it refers to a hypothesis 
about (and a model of) the abstraction function of the human auditory-cognitive sys-
tem in obtaining a higher-level (phonetic) representation from a lower-level (acous-
7Propriety may demand that specific references be omitted; suffice it to say that cases are not 
rare and are readily found in the standard literature. 
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tic) representation. However, it is necessary to establish an operational definition-a 
definition that delimits the fundamental characteristics of the operation of normal-
isation. Below, a general operational definition is given first, which constrains all 
the task-specific operational definitions that are derived from it. 
The general axiomatic definition of normalisation with respect to its operation 
may be stated as follows: 
Normalisation is a transformation of data whose effect is to reduce or 
control the effect of multiple individual sources of variance. 
A common mode of operation is to abstract out, from the data, features that 
are then used to transform those data so that one or more sources of variance may 
be controlled or minimised. It is also possible to use features from data external 
to the speech data to be normalised; one such example is the use of anatomical 
measurements of speakers as features from which scaling factors are derived. 
Since individual normalisation tasks have different objectives, it is useful to 
establish an operational definition for each exercise, which spells out which sources 
of variance are to be controlled or reduced and how this may be achieved. 
An operational (or task-specific) definition may be represented as N(t,s,r), 
where t=type, s=source and r=range. Type specifies the type of normalisation in 
terms of the mode of normalisation operation (e.g., uniform scaling, auditory spec-
trum shift, etc.). Source identifies the source of variance (e.g., vocal tract length) 
whose effect is to be compensated for by the normalisation, Range refers to the 
input and output levels of representation. The input level, which is the level of 
representation for the pre-normalisation data, is usually apparent in the data, and 
may be omitted when there is no ambiguity. The output level indicates the level 
of abstraction to be achieved by the normalisation (e.g., auditory representation, 
phonetic representation, phonemic representation, morphophonemic representation, 
etc.). 
The variables t, sand r constrain one another in the sense that the type of nor-
malisation must be suitable for attaining, whether wholly or partially, the output 
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level of abstraction; for example, N (uniform, vocal tract length, phonetic represen-
tation) is a well-formed operational definition, as the vocal tract length is a source 
of acoustic variance the reduction of which by means of a uniform normalisation 
will enhance the resolution of phonetic information in the data, and it is possible 
under such a definition to evaluate the effectiveness of the normalisation for the 
enhancement of the desired information. N (equalisation of formant range between 
the maximum and the minimum, *8 , phonetic representation) is not a well-formed 
working definition, as the type of normalisation specified obliterates phonetic infor-
mation in the data, while if the goal is changed to a phonemic representation the 
operational definition becomes well-formed since the type of normalisation may be 
effective in enhancing phonemic contrast. 
1.4 Acoustic to Phonetic Normalisation 
In this and the following sections, the two most common ranges of normalisation 
operation are broadly discussed: acoustic to phonetic, and acoustic to phonemic. 
The range that the present study is concerned with is between the acoustic 
and the phonetic representations. For linguists and phoneticians, the desirable 
end-product of normalisation is phonetically compatible data which preserve all 
the phonetic detail but are devoid of variance due to the speakers' "anatomical" 
differences. For example, Nearey (1978:86) describes normalisation as a "feature 
extractor" whose main task is "to separate variation in physical parameters into 
two components: that which is associated with phonetic variation and that which 
is not". In this case, normalisation usually has the operational definition: N( *, 
'anatomical'9 , phonetic). The type of normalisation may vary with particular meth-
ods with varying degrees of effectiveness. 
In some cases, the phonetic goal may be set at a slightly higher level. A position 
clearly expressed by Disner (1980) in the following passage points to a higher, though 
essentially phonetic, level of abstraction for its output: 
8 * indicates 'unspecified'. 
9Presumably vocal tract size from his exposition quoted in Chapter 2. 
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"It may be assumed that some appropriate (linear or nonlinear) trans-
formation of the acoustic data points for sets of speakers' vowels can be 
discovered which will approximate the phonetician's skill by eliminating 
the speaker-particular aspects of the phonetic signal, leaving only the 
phonetic quality common to all speakers of a single language or dialect." 
Here, the "phonetician's skill" to record "only the phonetic quality common to all 
speakers of a single language or dialect" refers to the aspect of the phonetician's 
skill to produce systematic phonetic descriptions as described in Section 1.2; the 
task definition of normalisation accordingly is N(*, *,systematic phonetic). 
Normalisation, as a process of abstraction, does not necessarily stop at this 
level. It is possible to enter the domain of 'linguistic' normalisation, and normalise 
for other goals of higher abstraction. One could remove stylistic and dialectal vari-
ance from the phonetic or systematic phonetic data by applying inverse-stylistic 
and inverse-dialect rules; further, one could remove allophonic variance by inverse-
allophonic rules, and obtain phonemic data. Alternatively, attempts have also been 
made to derive phonemic information (or, to put it more precisely, to discern phone-
mic contrasts) directly from acoustic data. This was the aim of normalisation in 
procedures such as Gerstman (1968) and Lobanov (1971) as has already been men-
tioned (Section 1.3). 
1.5 Acoustic to Phonemic Normalisation 
The normalisation range of acoustic to phonemic representations is common in au-
tomatic speech recognition research, although in actual systems, because of the lack 
of decisive normalisation strategies, many systems have avoided the issues of speaker 
normalis_ation by retaining the entire acoustic front-end for each new speaker (cf. 
review by Zue and Schwartz 1980). 
The notion of normalisation as a mapping process from an acoustic represen-
tation to a phonemic or even higher level of representation is exemplified by the 
following remark by Klatt (1980), which contrasts sharply with the phonetic po-
sitions of Nearey and Disner cited above in Section 1.4. Klatt acknowledges that 
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speakers differ in the following six points: 
1. in the size and length of their vocal tracts; 
2. in the articulatory/ acoustic targets corresponding to different phonetic seg-
ments; 
3. in the amount of coarticulation and target undershoot that is realised under 
different conditions of stress and speaking rate; 
4. in the dialect they employ; 
5. in the phonemic forms for certain lexical items; and 
6. in the conditions under which the recording is made. 
"As a practical matter," he concludes, "it is desirable to find a talker-normalisation 
procedure that not only normalises for vocal tract length, but simultaneously takes 
into account as many of the six types of talker differences listed above as possible". 
The operational definition of this view of normalisation is N ( *, *, phonemic). The 
inclusion of Point 5, however, indicates the involvement of even higher linguistic level 
of analysis than the mapping between the phonetic and phonemic representations. 
Gerstman's (1968) and Lobanov's (1971) procedures were designed to contribute 
to the phoneme recognition task. They are often quite successful in reducing the 
variance over speakers in each vowel category. This is done at the cost of grossly 
distorting the shape of each speaker's vowel system; that is, phonemic contrasts 
are often enhanced for easier recognition by a simple algorithm, but phonetic con-
trasts are artificially distorted and therefore become meaningless (For discussions 
and comments, see Disner 1980, Oasa 1980, O'Kane 1981). 
1.6 Rationale of Normalisation Research 
The question to be asked here is what motivates research into normalisation and 
how its pursuit is justified in terms of its application. A number of reasons are 
readily available. 
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Firstly, normalisation research will contribute to the general enrichment of sci-
entific knowledge about the acoustic to phonetic/linguistic abstraction process in the 
human auditory and cognitive system by providing hypotheses concerning the whole 
or a part of that mechanism. The mechanism involves the listener's ability to anal-
yse the property of an acoustic signal into various abstractions for the recognition 
of linguistic, paralinguistic, and speaker-specific information, where the strand most 
in focus will be the mapping between the acoustic and phonetic representations. 
Another major element in the rationale of normalisation research is its potential 
application for a speaker-independent automatic speech recognition system. Many 
speech recognition systems that retain an unmodified acoustic front-end for each 
new speaker have required often tedious training or 'tuning' sessions. This fact 
renders support for systems which incorporate a normalisation phase in the acoustic 
front-end. Such systems may perform better than those without a normalisation 
phase. Even if such systems are found to show a similar level of performance in 
speech recognition, those which are less dependent on speaker adaptation 'tuning' 
will be more useful practically. 
The third element is its implication for a speech generation model. Normal-
isation may be regarded as one half of a two-way mapping process: functioning 
as a phonetic feature extractor, normalisation maps an acoustic parametric specifi-
cation onto a phonetic specification, and its inverse denormalisation process maps 
a low-level phonetic output from a performance model or other low-level phonetic 
rules (e.g., Nolan 1980, Hewlett 1981, and Clark 1981) onto an acoustic parametric 
specification with the result of generating speaker-specificity. 
The fourth element is its contribution to the various research pursuits of phonet-
ics and linguistics with the provision of accurate and phonetically relevant acoustic 
phonetic data. While raw acoustic data often contain such a degree of variance 
that makes phonetic analyses and inter-speaker comparisons extremely difficult or 
unreliable, correctly normalised data will enable such tasks to be conducted with 
greater accuracy. 
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1. 7 Organisation of the Thesis 
Following the introduction and general discussion on normalisation in this chapter, 
a detailed examination of existing normalisation methods is presented in Chapter 2, 
offering a critical evaluation of the theoretical soundness and the performance of 
previous normalisation methods, and identifying areas of strength and weakness for 
each method. The examination is extended to the methods and the results of those 
works in the literature which evaluate the relative merits of existing procedures. 
In Chapter 3, a theoretical model, which analyses acoustically manifested inter-
speaker differences by three major categories: uniform difference, non-uniform dif-
ference, and manifestation of auditorily-judged phonetic difference, is described. 
Non-uniform formant differences between the major speaker categories (males, fe-
males and children) are described by this model. This model is applied to form a 
new normalisation strategy, which attempts first to remove the uniform element of 
the variance corresponding to the effect of the vocal tract size difference, followed 
by the removal of the non-uniform element of the variance which is assumed to be 
largely the effect of the vocal tract proportionality difference. The strategy involves 
an investigation of the effectiveness of various uniform transformations to be used 
as well as the extent of the residual variance which will determine what sort of 
non-uniform modification is further required. Above all, however, the most impor-
tant aspect of this exploratory strategy is the use of a phonetically homogeneous 
database. Uniform normalisation methods have been derived and tested using vowel 
data by various authors, and the non-uniform normalisation technique developed by 
Fant (1975) was derived using an extensive vowel data set collected by various au-
thors; but none of the data hitherto used in the literature was guaranteed to be 
phonetically homogeneous across speakers. No objective phonetic screening has 
previously been applied to the data to ensure that the data used for the purposes of 
deriving parametric values or evaluating the proposed method are not phonetically 
contaminated. 
The method adopted in the present study is to collect data from a large fam-
ily residing in a sociolinguistically stable environment and then to screen the data 
further for residual phonetic variation using a rigorous computer-based phonetic 
screening procedure. The data collection was conducted in Adelaide, South Aus-
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tralia. The methodology of the acquisition of this original database is described in 
Chapter 4. 
Chapter 5 presents the method, operation and the result of the phonetic control 
task conducted on the original database whose collection is described in Chapter 4. 
Only those acoustic data items which survived the screening procedure, and therefore 
are deemed to be phonetically homogeneous, are used for further analysis. 
Chapter 6 describes the acoustic analysis which was performed to extract for-
mant data from all data samples. This analysis was performed in parallel with the 
phonetic control described in Chapter 5. Correct estimation of formant frequency 
hinges on the knowledge of acoustic phonetic theories which delimits the expected 
range for each formant for a given speaker with certain vocal tract dimensions. An 
improved formant tracking algorithm was devised for the present analysis, which 
provided more accurate tracking results than the one provided by the signal pro-
cessing software package, which was otherwise extensively used. 
Uniform transformations of the phonetically controlled data, using a variety of 
parameters, and examination of their residual variance are described in Chapter 7. 
Chapter 8 analyses non-uniform inter-speaker variations observed in the present 
data and evaluates the impact of the two-stage phonetic control exercised in this 
study by means of careful sampling methods and fine auditory phonetic screening. 
Chapter 9 summarises principal results and draws conclusions. 
1.8 Sundry Definitions and Notes 
Phoneme, as mentioned in Section 1.2, is used in the structuralist sense (Bloom-
field 1933, Trubetzkoy 1939) of an inventory item in a phonological system. Vowel 
category is used synonymously with vowel phoneme. 
Phone is the smallest distinctive unit of sound that can be reliably perceived by a 
phonetically trained listener. Phonetic differences may signal dialectal differences as 
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well as paralinguistic information; however, it is possible to have phonetic differences 
that do not signal any of these functional contrasts. In this last point lies a small 
discrepancy between the current definition of phonetic differences and perhaps a 
more conventional variety which refers to language- or dialect-shared subphonemic 
characteristics-e.g., Disner's exposition (Section 1.4). The group-shared differences 
after the elimination of purely speaker-specific idiosyncracies will be referred to as 
systematic phonetic di.ff erences. 
The duality of the concept of normalisation has already been mentioned (Sec-
tion 1.1). To make the distinction clear, the term abstraction will refer to the natural 
process of information abstraction in the human auditory and cognitive system, and 
the term normalisation will be reserved to denote the data transformation as an 
artificial simulation of the above process. 
Formants are defined as the regions of spectral prominence for vowels and other 
sonorants (semivowels, lateral and rhotic continuants, and nasals). Formant frequen-
cies are the frequencies of the peaks of formants, which are denoted by Fl, F2, F3, 
etc.1° FO denotes the fundamental frequency. 
Usual operator symbols are used in the mathematical and pseudo-mathematical 
expressions unless otherwise defined. The symbol'*' is used to denote multiplication 
where its absence may cause ambiguity. The symbol '/' is used alternatively to 
denote division or a fraction. An exceptional use of '/' is in the description of a 
space; e.g., an Fl/F2 space refers to a space defined by the coordinates Fl and F2. 
10The strategy for the numbering of formants needs a brief discussion. The general method is 
to assign numbers serially from the lowest formant frequency; however, exceptions to this rule are 
necessary when 'spurious formants', typically due to nasalisation, and 'formant mergers' occur. In 
the former case, the numbering should skip the extra peak, and in the latter, the merged formant 
should be assigned two formant numbers. Adherence to the original rule of serial numbering from 
the lowest peak will typically result in abrupt discontinuities in the time-traces of higher formants 
(e.g., F3, F4 and F5)-a frequently encountered problem in simple formant tracking algorithms-
where, for example, an F3 trace is abruptly redesignated as an F4 trace because of the occurrence 
of an extra peak at a lower frequency at that point. 
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Chapter 2 
Critical Review of the 
Normalisation Literature 
2.1 Introduction 
This chapter presents a critical review of the normalisation literature, with accom-
panying discussions on the characteristics of existing normalisation procedures and 
the findings of selected articles which evaluate normalisation. The main aims of 
this review are to characterise published normalisation procedures in terms of the 
types of formant variation they can normalise, and to evaluate their relative useful-
ness for a phonetically-oriented normalisation operation: N(*, *, phonetic). In the 
course of the review, it will also be shown that some of the published procedures 
are mathematically interrelated in such a manner that it is possible to derive one 
from another if certain conditions are satisfied. Later, in the evaluation literature 
section, it will be argued that the seemingly conflicting discoveries claimed by two 
often-cited evaluation articles (Hindle 1978 and Disner 1980) are in fact compatible. 
The literature relating to normalisation comprises the following three categories. 
1. Normalisation procedures; 
2. Articles containing reviews or evaluations of procedures; 
3. Other studies which provide useful data or knowledge for normalisation; e.g., 
articles on inter-speaker variation containing acoustic data that are either ac-
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tually used for the formulation of normalisation procedures, or potentially 
useful as evidence for or against the effectiveness of normalisation procedures. 
The studies in the last category are not included in the present review since 
they are outside the direct concerns of the present discussion on the characteristics 
of normalisation procedures. However, a very brief overview is given in the following 
paragraphs. 
The data from Peterson and Barney (1952) are a classic example of this last 
category. Other examples of potentially useful speech data are Potter and Steinberg 
(1950), male vowel data from Pols et al. (1973), female vowel data from van Nierop 
et al. (1973), and cross-dialect data from Koopmans-van Beinum (1973). Studies 
on sex differences in formant frequencies provide highly useful information for nor-
malisation considerations. These include Nordstrom (1975, 1977) with a vocal tract 
model for sex and age variations; Traunmiiller (1984) on age and sex variability; and 
Peterson (1952) on sex differences with children's data. Children form a 'third sex' 
category in terms of the characteristics of the size and proportionality of their vocal 
tract as well as their FO. Studies dedicated to the exploration of children's vowel 
characteristics include Bennett and Weinberg (1979); Eguchi and Hirsh (1969) with 
their developmental observations; and Goldstein (1980) with a vocal tract model for 
growing children. 
In addition to the absolute length of the vocal tract, its proportionality is 
another important factor that influences formant frequencies. Studies on formant-
cavity affiliations provide explanations for the mechanisms whereby non-uniform 
formant variation is generated by proportionality differences of the vocal tract. 
Examples of studies which assist in non-uniform-difference modelling by provid-
ing information regarding the effects of vocal tract proportionality variations and 
cavity-formant affiliations are: Sundberg and Nordstrom (1976) and Ashby (1981) 
both on ·the effect of larynx raising and lowering on formant frequency; Lindblom 
and Sundberg (1971) on the effects of larynx, lip, tongue, and jaw movement; and 
descriptions of formant-cavity affiliations in Fant (1980) and Laver (1980). 
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2.2 Normalisation Procedures 
The effectiveness of normalisation procedures may be evaluated either quantitatively 
or qualitatively: the former involves the application of particular procedures on some 
independent data to compare the reduction of variation in the data, while the latter 
requires theoretical criteria which are used to assess whether relevant sources of 
variation in the data are subject to reduction by a given procedure. A comprehensive 
evaluation should incorporate both aspects. Even then, the primary priority should 
be given to the evaluation in terms of the sources of variation reduced rather than 
to the evaluation in terms of the overall amount of reduction; for it is possible 
that the result of an appropriate normalisation procedure applied legitimately for 
the reduction of a relevant source of variation in the data is an increase in the 
overall variation. Such a case can be easily illustrated. Two phonetically distinct 
vowels from two speakers with different vocal-tract lengths and dimensions may 
share identical first two formant frequencies, which is evidenced by the overlaps 
of vowel categories in almost any multiple speaker Fl/F2 data, e.g., Peterson and 
Barney (1952). If a normalisation procedure whose known function is to remove the 
speaker-specific effect of vocal-tract size and proportionality is applied to this vowel 
pair, the variation, which is zero in the raw data, will increase (to reveal in effect 
that there is a phonetic difference). For the whole vowel data, the cumulative effect 
of such instances may lead to an overall increase in variation after normalisation. 
The background framework against which the present criteria for the evalua-
tion of normalisation procedures are developed, is a proposed theoretical model of 
inter-speaker formant variability within which observed formant frequency variation 
is conceived in three major categories: uniform, non-uniform, and phonetic1 . The 
model will be fully described in Chapter 3. Uniform variation corresponds to the 
effect of overall vocal-tract length variation, and non-uniform variation is considered 
as largely due to the effect of the variation in the length ratio of the front cavity to 
the pharyngeal cavity. Phonetic variation is self-explanatory: it is the acoustic para-
metric consequence of phonetic variation which is auditorily judged to exist. The 
present theoretical criteria, then, are that the uniform and non-uniform variations 
1Strictly speaking, the type 'phonetic variation' here refers to the (acoustic parametric) mani-
festations of the source 'phonetic variation' which is auditorily judged, but the distinction between 
the type and the source is usually unambiguous from context. 
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should be maximally reduced, and that the phonetic variation in the data should 
be maximally retained. The definition of the desired normalisation in the present 
formalism is: N(uniform and non-uniform, vocal-tract length and proportionality, 
phonetic). 
2.2.1 Typology 
Existing normalisation procedures can be categorised into classes in various ways. 
They can, for instance, be classified on the basis of the kind of information they 
require as input, the type of operation they perform, or the level of abstraction of 
the output. Their mode of operation may be cumulative (i.e., they require statistical 
computations before each vowel can be processed) or vowel-by-vowel (i.e., the pro-
cessing of each vowel does not depend on other vowels). Furthermore, normalisation 
procedures may be distinguished by the perception hypotheses on which they are 
based or which render support to them (e.g., perception via point-vowels, auditory 
models, etc.). 
Historically interesting are the distinctions noted by Nearey (1978, 1989). Nearey 
(1978:87ff) divides the class of normalisation that exclusively uses information from 
Fl and F2 measurements-"relative formant normalisation" in his terminology-
into two types: range normalisation and point (constant ratio or constant inter-
val) normalisation. Range procedures, by Nearey's definition, "require at least two 
points of known phonetic quality from which a speaker's formant ranges may be esti-
mated," while in point procedures "only one known point in a speaker's [vowel] sys-
tem is required." 2 The distinction between range and point normalisation procedures 
2These remarks on points of known phonetic value involve a certain circularity: the knowledge of 
either the phonetic value or phonetic homogeneity across speakers, of even one or two points cannot 
be accurately obtained a priori from unnormalised Fl and F2 measurements. Such a knowledge 
will depend on an independent phonetic analysis by way of phonetic transcription, which will 
ascertain that a given set of phonemically corresponding vowels from multiple speakers share the 
same phonetic value; but once the phonemic value is established, there is no further necessity for 
normalising the formant data. 
Nearey may well have had the following conclusion by Gerstman (1968:80) in mind: 
[ ... ] a reasonably good specification can be derived from the production of no more 
than three vowels, EE, AH, and UU, with the latter vowel potentially redundant. If 
other regularities among these were discovered, two of them could suffice to scale the 
two-formant space in which all vowels are distinguished. 
Gerstman, however, clearly referred to two or three vowels of known phonemic value the knowledge 
of which was readily available in his experimental material. 
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maps onto the similar distinction made by N earey later, in revised terminology-
" extrinsic" and "intrinsic" normalisation procedures (Nearey 1989). 
All point normalisations which involve constant ratios or constant intervals 
(in the logarithmic domain) are also uniform normalisations as indicated by the 
presence of "constants". Fant (1966, 1973, 1975) argues that non-uniform procedures 
have advantages over uniform procedures. In uniform procedures, the scale factors 
between speakers are constant for all vowels, but in non-uniform procedures they 
are vowel-dependent. 
The normalisation procedures discussed in the following review sections are 
grouped into four formal categories, primarily on the basis of the type of operations 
performed: (I) range, (II) uniform, (III) non-uniform, and (IV) others. 
The difference between uniform and non-uniform procedures has been already 
mentioned. Uniform procedures and range procedures are also distinct in the fol-
lowing important ways. 
Formally, both uniform and range normalisation procedures belong to the super-
category of linear transformations of the form: 
y =ax+ b 
where y =normalised formant, x =original formant, a =scale factor, and b =shift 
value. Non-zero values for a are assumed by all procedures in this super-category. 
The formal difference between the two categories of procedures is in the presence 
of the shift term b when their expressions are reduced to this basic form. Range 
procedures such as those by Gerstman (1968), Lobanov (1971), and Joos (1948) are 
all reducible to this y =ax+ b form, and they have non-zero values for b. Uniform 
procedures, which are expressed as y = ax, can be seen as a special case of linear 
transformation with b = 0. 
However, an important difference lies beyond the formal appearance. A proce-
dure of the y = ax type represents a parsimonious, first-order model of inter-speaker 
formant variation, where all formant values x are uniformly scaled by a, modelling 
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the effect of the overall vocal tract length differences between speakers on formant 
frequency values. The assumption for the model is that vocal tract length is the 
principal source of inter-speaker formant variation in phonetically equivalent vowels 
and that normalising vocal tract length does not perturb the phonetic quality of the 
vowels concerned. The all-important aspect of this model is the way in which a is 
derived from data that best approximates the vocal tract length translations. 
In a procedure of the y = ax + b type, all formant values are rescaled by 
a and shifted by b. The extra term b models a further effect beyond the simple 
effect of the overall vocal tract length differences; this often results in superior 
performance of procedures of this type in the reduction of variance in vowel clusters. 
An important point, however, is that the shift factor b has no direct bearing on vocal 
tract length, but rather is related to some overall characteristic of the formant data 
or their articulation such as minimum formant value (Gerstman 1968), mean formant 
value (Lobanov 1971), or "basis of articulation" or "dialectal centroid" (Joos 1948). 
As Joos' terminology indicates, normalisation using a non-zero shift factor could 
diminish phonetically significant contrasts, which may be satisfactory for phoneme 
recognition but detrimental for fine phonetic analysis of speech data such as in a 
cross-dialect or cross-language study. 
A comparison of the effects of the two types of procedures is provided at the 
end of this chapter. 
2.2.2 Notational Conventions 
In the mathematical expressions of procedures to be found throughout the following 
sections, pseudo-mathematical notational conventions are employed in a modified 
form from the format adopted by Nearey(1978:87f), replacing usual mathemati-
cal notations. The advantage of this formalism is the improved consistency and 
meaningfulness of the index symbols assigned to variables. The general method of 
expression is as follows. The formant symbol F is immediately followed by the for-
mant number, the vowel, and the subject; e.g., Fn[v]s is then-th formant of vowel 
[v] for subject s. F' indicates a normalised formant frequency. A useful conven-
tion adopted here is the 'dot convention' which indicates averaging over a particular 
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subscript; e.g., Fl[.]s is Fl for subject s averaged over all his vowels. F.[.]. denotes 
overall mean for all subjects for all formants over all vowels. Other commonly used 
symbols are also used; e.g., SD for standard deviation. Symbols of more ad hoc 
nature, e.g., R for range, are explained in the accompanying text. The symbol F 
may be omitted when it follows another symbol and the reference to F is obvious; 
e.g., SDn[.]s. Other sundry conventions are explained as they arise. 
2.2.3 Range Normalisation Procedures 
Existing range normalisation procedures standardise either the linear range between 
the maximum and the minimum formant values of each speaker (Gerstman 1968), or 
the standard deviation for all vowels about their mean (Lobanov 1971; Joos 1948). 
2.2.3.1 Gerstman's Method 
Gerstman's normalisation procedure (1968) is a range-standardising procedure based 
on the calculation of each speaker's range of Fl and F2 dispersion, and takes the 
form: 
F'n[v]s = (Fn[v]s - min(Fns))/ Rns (2.1) 
where F' is the normalised formant frequency; Rns is the range ( = max(Fns)-
min(Fns) ). 
As the result of Eq. 2.1, all vowels for all speakers are expressed within the 
range of 0 to 1. In the original version by Gerstman, all values are multiplied by 
999 to b.e fixed in an arbitrary range of 0 to 999. Ranges that are more typical of 
speech can be chosen just as well; e.g., UCLA Phonetics Lab has used Fl:250-750 
and F2:850-2250 ranges (Disner 1980:254). 
Gerstman applied this method to Peterson and Barney's data (1952), which 
consist of 1520 vowel tokens uttered by 76 speakers (33 men + 28 women + 15 
children, reading two lists of 10 /h-d/ words of American English). He devised a 
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simple decision-making algorithm to operate on the normalised data and achieved 
a misrecognition rate of 2.2 per cent (34 errors out of 1520), whereas the rate of 
non-unammous recognition by 26 human listeners was 21.1 per cent (321 out of 
1520). 
While the success of Gerstman's procedure with Peterson and Barney's data 
is impressive, it was not repeated with the six Germanic language data chosen 
by Disner (1980). Among the four procedures (Gerstman 1968, Harshman 1970, 
Labonov 1971, and Nearey 1978) tested by Disner, the performance of Gerstman's 
procedure was the worst in terms of the overall reduction of inter-speaker variation. 
With one language (English), the scatter area actually increased by 10 % after 
normalisation while there was a 65 3 reduction using Nearey's method with the 
same data. 
2.2.3.2 Lobanov's Method 
Lobanov's method (1971) is a mean and standard deviation standardising procedure, 
which is expressed as: 
F'n[v]s = (Fn[v]s - Fn[.]s )/ SDn[.]s (2.2) 
where Fn[.]s is the average value of Fn for all vowels for subject s; SDn[.]s is 
the standard deviation of Fn about its mean for all vowels for subject s. 
The effect of Eq. 2.2 is that each vowel system's mean is moved to the same point 
at 0 with its standard deviation fixed at 1. While Gerstman's procedure confines 
vowel systems at their perimeters, Lobanov's procedure places them together at 
their centres; this is expected to cause less distortion of the positions of vowels in 
phonetic space because: 
[r]elatively few phonemic contrasts are made in this [central] region, and 
the vowels of most languages are distributed more or less systematically 
around this point. (Disner 1980:255) 
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Lobanov compared the performance of his procedure with that of (1) a simple linear 
rescaling normalisation procedure unsupportively discussed by Fant (1966) and (2) 
Gerstman's procedure. The former is expressed as: 
F'n[v]s = Fn[v]s/max(Fns) (2.3) 
The data used included three Russian speakers (two men with differently pitched 
voices and a woman) with two additional male Russian speakers from data by Ohman 
(1964) and Fant (1960:109). 
Lobanov's procedure yielded better results than the other two according to the 
criteria for effectiveness comprising the compactness of the clusters of normalised 
vowels and the separation between the clusters measured between adjacent edges of 
clusters. A "normalisation quality index" was calculated for each set of normalised 
data, which revealed the improvement factor by each normalisation method to be 
as follows: (i) 2.1 for linear rescaling, (ii) 2.5 for Gerstman's procedure, and (iii) 4.1 
for the Lobanov procedure (1 for unnormalised data). 
The following formula was used by Lobanov to calculate the index. 
J = .!_ t Rijmin 
n .. max(dima:c, d3·ma:c) i,3 
where I is the index; n is the number of adjacent vowel pairs in the Fl/F2 
space; ~jmin is the minimum distance between the i-th and the j-th vowel clusters; 
dima:c is the maximum distance within the i-th vowel cluster. 
2.2.3.3 _Joos' Method 
It is interesting to find that a normalisation procedure was conceived of as early as 
in Joos' work (1948), but it is even more remarkable to discover that his procedure 
is on theoretical grounds virtually the same as Lobanov's method and that it also 
foreshadows Nearey's log-mean method (1978), discussed in Section 2.2.4.4. Yet 
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these facts have been acknowledged by neither of the two later researchers. Nearey 
refers to Joos only on accounts other than normalisation techniques while he de-
scribes other procedures such as those of Gerstman and Lobanov, Joos' strategy, 
which is more similar to his log-mean method, is not mentioned. 
Joos' procedure in its original form, with the formal notations provided, is as 
follows: 
(i) First, the centroid ("basis of articulation" in Joos' terminology) is calculated 
for each subject's vowel system. 
Fn[.]s 
(ii) Second, the standard deviation (dispersion, or "clarity") for each subject is 
calculated. 
SDn[.]s 
(iii) Third, the dialectal centroid and clarity are calculated by averaging over 




(iv) Then each speaker's pattern is shifted so that its centroid coincides with 
the dialectal centroid. 
Fn[v]s - (Fn[.]s - Fn[.].) 
that is, 
Fn[v]s - Fn[.]s + Fn[.]. 
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(v) Finally, each speaker's clarity is expanded or contracted radially from that 
fixed point so that the clarity of each is made equal to the dialectal clarity. So Joos' 
procedure concludes as follows: 
F'n[v]s = (Fn[v]s - Fn[.]s + Fn[.].)/(SDn[.]s/ SDn[.].) 
that is, 
F'n[v]s = SDn[.].(Fn[v]s - Fn[.]s + Fn[.].)/SDn[.]s (2.4) 
In this original form, Joos' procedure is not a self-normalisation procedure since 
the normalisation of an individual speaker's system cannot be performed without 
the dialectal mean and standard deviation. While it adds to the computational 
load as all speakers' points have to be pooled for the calculation of the dialectal 
mean and standard deviation, the resultant benefit of this is that two separately 
normalised dialectal systems are comparable in terms of the "basis of articulation" 
and "clarity"-features that can always be calculated from the raw data. In the 
Gerstman procedure, they are never calculated but instead abstracted away beyond 
recovery by the standardisation of the range of formant variation. They are treated 
similarly in the Lobanov procedure by the standardisation of the mean and standard 
deviation to the fixed common values of 0 and 1 respectively. Disner (1980), evaluat-
ing various normalisation techniques for specifically cross-language and cross-dialect 
comparison purposes, observes: 
[ ... ] while these effective techniques [which make use of the mean or stan-
dard deviation of the vowel system] may be appropriate for investigations 
into a single language, they are generally inappropriate for comparing 
the normalised vowels of one language with the (independently) nor-
malised vowels of another language, for the systems may be not at all 
comparable on the basis of their means [ ... ] or their standard deviation 
[ ... ]. (1980:260) 
And agam, later, in her thesis involving 14 cross-language comparison pairs, she 
elects to use raw data on the conclusion that: 
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most of the normalisation procedures suggested in the phonetic literature 
are inadequate for cross-linguistic studies of vowel quality because of 
differences in the means of the respective systems, and differences in the 
distribution of individual vowels around these means. (Disner 1983:29) 
Joos' procedure might have been useful for her purposes since the dialectal centroids 
and average dialect standard deviations are retained for all normalised dialect (or 
speaker-group) systems; in other words, the characteristics of a dialect (or speaker-
group) system in terms of its relative position to other systems in a Fl/F2 space as 
indicated by the position of the dialect centroid, and the dispersion of the system 
as indicated by the difference in dialectal standard deviation, are all present in the 
normalised data. 
In fact, in her footnotes, Disner (1980) comes very close to what might have been 
a potentially useful solution to her problem. In an attempt to make the Lobanov-
normalised data comparable to other normalised data, she uses a modified Lobanov 
equation, which in the present formalism is: 
F'n[v]s = (Fn[v]s - Fn[.]s)Cn/ SDn[.]s+an, 
where Cn is a constant with a value of 150 when n=l, 500 when n=2, and 300 
when n=3; an is a constant with a value of 500 when n=l, 1500 when n=2, and 
2500 when n=3, to represent the formants of a. The effect of this modification is 
to rescale and re-shift all the normalised data such that they fall within the normal 
ranges of speech, around a. Cn is a rescaling factor and an is a shift factor. If 
Cn and an had been made dialect-dependent constants instead of being set at fixed 
standard deviation values and at the schwa values respectively, then differences 
between dialectal systems would have been represented in normalised data. 
In Eq. 2.4, Fn[.]. and SDn[.]. are dialect-dependent shift and rescaling factors. 
If for some reason such information as "basis of articulation" or "clarity" is to be 
ignored, e.g., for a single dialect phoneme recognition task as in the Gerstman or 
the Lobanov experimental paradigm, Eq. 2.4 can be immediately converted into a 
self-normalisation equation by assigning fixed arbitrary values for the dialectal mean 
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(Fn[.].) and the dialectal standard deviation (SDn[.].). If we choose Fn[.].= 0, and 
SDn[.].= 1, Eq. 2.4 reduces to: 
F'n[v]s = (Fn[v]s - Fn[.]s )/ S Dn[.]s (2.5) 
We have derived a procedure that is formally identical with the Lobanov pro-
cedure (cf. Eq. 2.2). Note that Lobanov-normalised results all have a common 
standard deviation of 1 about their common mean at 0. 
The only actual difference is that, while Lobanov's procedure uses a linear 
frequency scale, Joos' procedure operates in the logarithmic frequency domain. If, 
then, Fn[v]s is the logarithmic transform of fn[v]s, where fn[v]s is then-th formant 
of [v] for speakers measured in Hz, Eq.2.5 is rewritten as: 
F'n[v]s = [log(fn[v]s)- log(fn[.]s)]/SDlog(fn[.]s) (2.6) 
If we remove the standard-deviation standardising aspect in Eq.2.6, we obtain 
a procedure which is identical with Nearey's log-mean procedure reviewed below. 
2.2.3.4 Summarising Remarks on Range Normalisation Procedures 
The relationship between the Joos procedure and the Lobanov procedure is that the 
former can be regarded as a weighted version of the latter with the rescaling factor 
of the dialectal standard deviation and with the shift to the position of the dialectal 
centroid. 
Disner's attempt to reset the Lobanov-normalised result to a realistic for-
. 
mant range and position in an Fl/F2 space (primarily in order to enable cross-
normalisation comparisons) involves a mechanism similar to that of Joos' procedure. 
The only crucial difference is that a simulated dialect norm is externally provided 
as a fixed set of values (which is inevitable because the real dialect norm is lost in 
the Lobanov normalisation) in Disner's extension method, while the actual dialect 
norm is calculated and used in Joos' method. 
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It seems historically ironic that a method suggested in 1948 should be a rel-
atively more suitable normalisation technique for the phonetic comparison of the 
vowel systems of different dialects and languages than a technique proposed more 
recently (Lobanov 1971). However, the merit of Lobanov's method, as well as Gerst-
man's method, over Joos' method is that a given speaker's vowels can be normalised 
without reference to any external statistics (hence their claim as self-normalisation 
techniques). This feature is not shared by Joos' method, in which all the speakers' 
vowels have to be pooled for the calculation of statistics before any of the vowels 
can be normalised. This comparison reinforces the notion that the choice of a nor-
malisation technique really depends on the requirement of the individual task. If 
self-normalisation is an indispensable feature required by the task, as in a hypothet-
ical speech technology task requiring pseudo-real-time processing, Joos' method is 
not suitable. 
The first comment of the previous paragraph should not be interpreted to mean 
that Joos' method is ultimately suitable for a phonetically oriented normalisation. 
The potential usefulness of Joos' method is limited to the Disner-type normalisa-
tion objectives where the desired post-normalisation phonetic variations are on the 
systematic phonetic level-i.e., all purely speaker-specific phonetic variations are to 
be eliminated, leaving only those variations that are common to all the speakers of 
a particular language or dialect. What, then, if it is desirable to preserve all the 
phonetically relevant details of each individual speaker (which is the objective of a 
speaker characteristic description on a strictly phonetic level)? All range procedures 
share the potential weakness of eliminating dispersion contrasts, Gerstman's proce-
dure by setting the formant ranges to an absolute norm, Lobanov's procedure by 
setting the standard deviations to an absolute norm, and Joos' method by setting the 
standard deviations to a dialectal or group norm. Any phonetically relevant contrast 
along the peripheral-central direction that may exist between individual speakers will 
not remain unperturbed after any of the three range procedures. Because all these 
procedures place data centroids at a common point, potential phonetic contrasts 
between individual vowel systems-such as some systems having many 'tenser' or 
'more centralised' varieties of vowels than others-are significantly affected as well. 
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2.2.4 Uniform Normalisation Procedures 
Uniform normalisation procedures involve constant scaling factors for all vowel cate-
gories. Mathematically, they represent a simple linear transformation of the y = ax 
type, where y = normalised formant frequency, x = original formant frequency and 
a = scaling factor. Articulatorily, uniform procedures capture the inverse relation-
ship between the vocal tract length and the formant frequency as the dominant 
inter-speaker effect to be removed. The data may be represented in the logarithmic 
domain, in which case the relationship between the equivalent vowels across speakers 
is a constant difference. Independent constant scale factors may be used for different 
formant numbers, or a single scale factor may be applied to all formant numbers. 
2.2.4.1 Ladefoged's Method: Average Fourth Formant Scaling 
Ladefoged (1975) suggests a simple rescaling method using the average F4 of each 
speaker. Each speaker's average F4 value is regarded as inversely proportional to 
his vocal tract length and each formant value is represented by a percentage value 
of the average F4. This is one of the most straightforward uniform procedures. The 
procedure is expressed as follows: 
F'n[v]s = Fn[v]s/ F4[.]s (2.7) 
2.2.4.2 Nordstrom and Lindblom's Method: Scaling by Average Third 
Formant of Open Vowels 
Nordstrom and Lindblom (1975) have suggested a method in which each formant 
value is -multiplied by a factor k = lav/lref (where lav is the vocal tract length 
associated with the speaker's average F3 of open vowels (i.e., F1>600 Hz) and lref 
is the vocal tract length of the reference 'male' vowels). F3 to lav conversion is 
achieved by reference to an empirical curve of mean F3 versus simulated vocal tract 
length. 
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This procedure has been equated by Fant (1975) to a simpler procedure in 
which each formant frequency value is divided by the frequency factor F3av / F3ref 
which has the relationship: 
F3av/ F3ref = (lref + 1)/(lav + 1) 
Then, the normalising algorithm can be written, in our formalism, as: 
F'n[v]s = Fn[v]s * (F3[open]ref / F3[open]s) (2.8) 
where F3[open]s is the average F3 value for open vowels by speaker s. The 
parentheses at the end are mathematically insignificant but are placed there to 
indicate the scale factor component. 
2.2.4.3 "HOSMEA": Individual Formant Mean Scaling 
One of the problems in applying either one of the uniform normalisation procedures 
mentioned above is that often the values for F3 or F4 are not available in published 
data or in the investigator's own data owing to some restrictive conditions (e.g., 
telephone survey data used by Hindle (1978:169)). 
A uniform procedure, informally to be called "HOSMEA" for reference purposes 
after its FORTRAN program name, devised in an ad hoc fashion by this author, 
which will later prove to converge with a multiplicative transform of Nearey's log-
mean procedure (described in Section 2.2.4.4), uses each speaker's formant frequency 
means as scale factors. In the present formalism, it can be expressed as follows: 
F'n[v]s = Fn[v]s/ Fn[.Js (2.9) 
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2.2.4.4 Log-Mean Method 
As mentioned in Section 2.2.1, Nearey(1978) distinguishes two types of normalisation-
range and point-and elects to adopt the point normalisation approach. He defines 
a broad class of possible normalisation transforms as: 
F'n[v]s = g(Fn[v]s) + bns (2.10) 
where g is some transforming function as yet undefined, and bns is a speaker-
dependent shift constant. If g is chosen to be the (natural) log function, the constant 
ratio hypothesis (that the formant frequencies of two given speakers have a constant-
ratio relationship), which is expressed as: 
Fn[v]s = Fn[v]t * K nst (2.11) 
where J( nst is the Fn scale factor between the speakers s and t, and is con-
vertible into a constant log interval hypothesis, expressed as: 
log(Fn[v]s) = log(Fn[v]t) + log(K nst) (2.12) 
Now, for a normalisation procedure to qualify strictly as a point normalisation 
procedure its scaling factor or shift factor (or translation factor, in Nearey's termi-
nology) must be constant over all corresponding vowel pairs of two given speakers 
and, therefore, should be obtainable from any arbitrary vowel pair. Nearey's choice, 
however, was to use the logarithmic mean of all the vowels of a given speaker (hence 
the name of the method) to derive the translation factor, whereby the procedure's 
claim to-be a point normalisation in the strict sense was abandoned. The procedure 
can be expressed as: 
F'n[v]s = log(Fn[v]s) - log(Fn[.]s) (2.13) 
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Nearey distinguishes between the constant ratio hypothesis proper (CRH) and 
the two scale-factor constant ratio hypothesis ( CRH2); the former uses the same 
scale factor for both Fl and F2 modification while the latter uses separate scale 
factors for Fl and F2. Only under CRH is the Fl/F2 ratio found to be constant. 
In the log transformed domain, CRH and CRH2 translate into the constant log 
interval hypotheses (CLIH and CLIH2). Eq. 2.13 above is constructed under CLIH2 
where the shift factor is calculated separately for each formant Fn, while its CLIH 
counterpart can be expressed as: 
F'n[v]s = log(Fn[v]s) - log(F.[.]s) (2.14) 
Although conceived separately, the log-mean method in Eq. 2.13 and the "HOS-
MEA" method in Eq. 2.9 are empirically equivalent. However, only in Nearey's 
log( Fl) vs. log(F2) space has graphic discrimination between speaker-dependent 
and vowel-dependent information been claimed: phonetic information is claimed to 
be discernible in the size, shape and sense (rotation) of the figures in this space while 
the differences between speakers are represented by the differences in the position 
of the figure (1978:92f). This claim seems premature. The latter part of the claim 
that non-phonetic speaker differences are represented by the differences in the posi-
tion of the vowel system in the logarithmic Fl/F2 space agrees with the analysis by 
the present theoretical model: a linear transposition in the logarithmic frequency 
space corresponds to a uniform scaling in the frequency space, which is the effect 
of different sizes of vocal tracts. As regards the former part of the claim, however, 
since both phonetic information and the non-uniform component of inter-speaker 
variation can be simultaneously present in the same dimensions of the size, shape 
and orientation of the vowel system in the logarithmic frequency space, it would be 
impossible to distinguish a priori the two types of variation. 
2.2.5 ·Non-Uniform Normalisation Procedures 
Non-uniform normalisation procedures are distinguished from uniform procedures 
by their adoption of non-constant scale factors. There are at least two well-known 
procedures that belong to this class-the non-uniform procedure by Fant (1975) and 
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the vocal tract length estimation procedure by Wakita (1977). In Fant's scheme, the 
scale factor is made a function of both vowel category and formant number; each 
vowel category specifies a unique scale factor for each formant number. In Wakita's 
procedure, an independent scale factor is determined by the vocal tract length which 
is acoustically estimated for each vowel datum. 
2.2.5.1 Fant's Non-Uniform Procedure 
As a preliminary to his normalisation procedure, Fant (1975) observed, in eight 
different languages, universal tendencies of the female-male formant differences to 
depart from a simple uniform scaling. The observed female-male differences were 
quantified in six languages and converted into vowel-category-specific scaling factors 
(termed k-factors) to serve as a basis for a non-uniform normalisation. 
The actual procedure involves weighting the non-uniform reference k-factors 
with the uniform scale factors which are used in the Nordstrom and Lindblom 
method (cf. Section 2.2.4.2) to compute the final vowel- and speaker-specific scale 
factors. The following steps are followed: 
(i) Determine the speaker's F3 average (for open vowels; i.e., F1>600 
Hz): 
F3[open]s (2.15) 
(ii) Calculate the speaker's uniform scale factor k3[open]s using the value 
from (i) and a reference male speaker's F3 average: 
(1 + k3[open]s/100) = F3[open]s/ F3[open]ref (2.16) 
(iii) For each vowel, choose the most probable [sic] reference k-factor 
value from the empirically derived k-factor table or graphs provided in 
the article (Fant 1975:5ff). Interpolate if necessary: 
kn[v]ref fem 
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This value represents the k-factor value for a reference female speaker 
for then-th formant of vowel v. 
(iv) Apply a weighting to the scale factors in (iii) by the ratio of the 
speaker's uniform scale factor k3(open]s in (ii) to the reference female 
average k3[open]ref fem = 17(%): 
kn[v]s = kn[v]reffem * (k3(open]s/17) (2.17) 
Children's voices are processed in the following way (k3=24 is the thresh-
old proposed by Fant to be used to distinguish children's voices): 
kn[v]s = kn[v]ref fem* (24/17) + k3[open]s - 24 (2.18) 
where k3[open]s > 24 
The effect of Fant's non-uniform normalisation was the reduction of inter-sex 
variance to one-half of that remaining after the Nordstrom and Lindblom uniform 
normalisation. Dialectal variation within a speaker group was thus assumed by Fant 
to be of the same order of magnitude as the k-pattern deviations from a uniform 
scaling. The origin of k-pattern deviations are ascribed by Fant partly to the non-
uniform scaling of vocal tract dimensions and partly to the assumption of sex-specific 
articulation to satisfy perceptual criteria. 
One interesting and possibly contentious aspect of Fant's procedure is the fact 
that the k-factors, which are average female-male translation factors, are scaled 
using an individual speaker's average F3 for open vowels. Under the notion that 
k-factors are scalable in a uniform fashion as a function of the average F3 for open 
vowels lies an implied assumption that the maleness or femaleness of voices, as far 
as it is indicated by k-factors, is also uniformly graded as a function of the speaker's 
average F3 for open vowels. 
The most serious issue with Fant's non-uniform method concerns the reliability 
of the empirically derived k-factor table, which is the most important component 
of the procedure. The problem is that it is evident that the vowels from various 
languages which share the same IPA symbols in the data set compiled by Fant are 
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not exactly identical phonetically (see Fant 1975:5 and Nordstrom 1975:30 for their 
reflections on this matter). The most likely reason for the variation is that the IP A 
symbols assigned are phonemic or pseudo-phonemic labels which indicate little more 
than phonological oppositions within each language. The American English data 
from Peterson and Barney (1952), the largest data component in Fant's selection, 
clearly employs phonemic labels. Unless there is comprehensive knowledge about 
the phonetic mapping of vowel phonemes from various languages, a compilation of 
multiple-language acoustic parametric data guided only by phonemic symbol labels 
is subject to uncertainty problems. It has also been noted (Nordstrom (1975:21) 
that dialectal controls were less than optimal in at least two of the data sets used 
by Fant: Peterson and Barney (1952) and Fant (1959). 
Fant instructs the users of his normalisation procedure to select a reference k-
factor for each vowel by matching it with the vowel most similar in phonetic quality, 
or more preferably by interpolating between two reference vowels. However, in order 
to achieve this, fairly accurate prior knowledge of the phonetic quality of each vowel 
to be normalised is required. A fundamental problem concerning the necessity for 
prior phonetic knowledge applies to this method: if normalisation is viewed as a 
model of the abstraction process of phonetic information from acoustic data, there 
is practically no further need for normalisation if precise vowel qualities of the data 
can be known prior to normalisation. 
2.2.5.2 Wakita's Vocal Tract Length Method 
Wakita's normalisation method by vocal tract length estimation qualifies as a non-
uniform procedure where a unique scale factor for each vowel token is computed 
from the vocal tract length estimated from the vowel's formant frequencies and 
bandwidths which are obtained first by the LPC technique (Markel and Gray 1976) 
and poly_nomial root solving. The procedure is of the form: 
F'n[v]s = Fn[v]s * (l[v]s/l[v]ref) (2.19) 
where l[v]s is the estimated vocal tract length for vowel v of speaker s. This 
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is similar to the original uniform procedure by Nordstrom and Lindblom (see Sec-
tion 2.2.4.2), but here the vocal tract length computed for each vowel token replaces 
the estimated average vocal tract length in the Nordstrom and Lindblom procedure. 
The differences between the two non-uniform normalisations are apparent. The 
non-uniformity in Wakita's scale factor is a direct reflection of the vocal tract length 
variation over different vowels both within a speaker and across different speakers. 
Wakita points out, quoting Fant (1960), that the vocal tract length of an adult 
male can vary from 16.5 cm to 19.5 cm, depending on the vowel produced (Wakita 
1977:184). Consequences of non-uniform scaling of vocal tract dimensions are not 
included, as Wakita makes an explicit assumption: "the vocal-tract configurations 
of the speakers are similar to each other and differ only in length. Strictly speaking, 
however, the vocal-tract geometry is different among men, women and children. 
[ ... ] Even so, among adult male and female speakers, the above assumption is not 
unreasonable [ ... ] in consideration of the structural similarity of the human vocal 
organs from individual to individual." (1977:184) 
Fant's method is complementary to this. The non-uniformity in Fant's scale 
factors is thought of as reflecting the effects of the non-uniform scaling of vocal tract 
dimensions between different speakers, especially between the sexes, which Wakita 
chooses not to account for. 
Another difference between the two methods is that Fant's procedure is cu-
mulative: multiple measurements have to be accumulated for the computation of 
F3[open]s and vowel categories have to be determined, while Wakita's procedure is 
a vowel-by-vowel processor. 
2.2.6 Other Procedures 
There are procedures that lie outside the range, uniform and non-uniform categories. 
Reviewed below are four such procedures: Foulkes (1961), Bladon et al. (1982, 1983), 
Harshman (1970) and Miller et al. (1982). Although here listed together, these four 
procedures represent diversely different approaches. 
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2.2.6.1 Foulkes' Procedure 
The normalisation procedure proposed by Foulkes (1961) is based on a graphic 
transformation of coordinates and requires FO, Fl, F2 and, optionally, F3. 
Foulkes noticed that when the data published by Peterson and Barney (1952) 
were plotted in an Fl/F2 space, a set of parabolas with a common origin at Fl 
= 200 Hz and F2 = -500 Hz could be roughly fitted to each vowel region. From 
this observation, a coordinate transformation was conceived. The procedure first 
converts (Fl, F2) into (x, y) by shifting the origin of the coordinate system to the 
common origin of the parabolas. Then x and y are transformed into a and b as 
follows: 
y2 - ax 
2 
x 2 + L - b 2 (2.20) 
If we plot the coordinates ( log10a, b ), areas of scatter for each vowel become 
rectangular-shaped but still show a greater spread along the b axis. Foulkes then 
observed that when the coordinates (FO, b) are plotted, b is correlated with FO, 
especially in front vowels, with each vowel region's regression lines intersecting at a 
common point - (-120, 800) for his data. The procedure then is to standardise FO 
to 200 Hz, with b accordingly modified into B by the formula: 
B = 800 + 320 * (b - 800)/(FO + 120) (2.21) 
Now the normalised coordinates (log10a, B) are plotted to reveal improved 
separation of rectangular regions. F3 can also be used as a correction factor, but 
for his particular data set, Foulkes remarks, the additional separation of the regions 
achieved-is slight. 
In a now dated comment, Foulkes stated that one of the major aims in develop-
ing this normalisation procedure was to simplify the task of computer identification 
of vowel categories. The memory space was an important consideration and effec-
tive and economical representation of data was the chief motivation for normalising 
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parametric vowel data. In the original three or four parameter specification, the 
vowel regions had complicated shapes and required the annexing of a large chunk of 
memory in the machine (Foulkes 1961:10) but the normalised data would require a 
relatively small amount of memory space. The memory constraint would no longer 
apply today, and accordingly the motivation for saving memory space would not be 
as important as in Foulkes' day. 
The procedure presupposes no underlying perceptual hypotheses. Foulkes de-
nies any subjective significance of the transformed parameters such as a, b, and 
B, and comments that "the ad hoc nature of the transformations is distressing." 
(1961:11) The only implication of this procedure which is of potential perceptual 
significance is the relation of the FO correction to the findings of Traunmiiller's 
study (1981) which suggest a contribution of FO to the perception of the dimension 
of openness in vowels. 
2.2.6.2 Method by Bladon et al. 
The normalisation method proposed by Bladon et al. (1982, 1983) is based on the 
perception model proposed earlier by Bladon and Lindblom (1981). This model 
incorporates a theory of the peripheral auditory processing of steady-state sig-
nals based on the measurements of critical bands and masking by Zwicker (1961, 
1970). The actual transforming functions used are simulations of Zwicker's results 
by Schroeder et al. (1979). A quantitative measure of perceptual distance by Plomp 
(1970) is used for pattern-matching. 
In their procedure, the acoustic data undergo a series of acoustic-to-auditory 
spectral transforms, which involves a conversion to the Bark scale (frequency-to-
place transformation along the basilar membrane in units of critical bands with 
one-Bark bandwidth), auditory masking, and perceptual transforms of intensity 
level. 
Their claim is that the inter-speaker difference in the acoustic domain is a shift 
by a certain distance in the auditory domain, the idea of which is drawn from Potter 
and Steinberg (1950): "a certain pattern of stimulation along the basilar membrane 
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may be identified as a given sound". This "certain distance" by which the au-
ditory spectra are shifted between the sexes was initially expected to be about 1 
Bark. This approximate value was supported by Traunmiiller's (1981) examination 
of Fant's (1975) mixed language data which showed roughly 1 Bark inter-sex differ-
ence; examination by Bladon et al. of the Peterson and Barney (1952) data (which 
incidentally is part of Fant's six-language data) with 0.88 Bark inter-sex difference; 
and Fant's (1959) Swedish data with 0.97 Bark difference. This normalising linear 
displacement value was investigated further and was found to be highly variable -
1.2 Bark for RP English to below 0.6 Bark for Utrecht Dutch (Bladon et al. 1982). 
According to the frequency to Bark transformation functions by Schroeder et 
al. (1979): 
z = 7 * ln{(f /650) + [(! /650)2 + 1]0·5 } (Hz to Bark) (2.22) 
and inversely, 
f = 650 * sinh(z/7) (Bark to Hz) (2.23) 
which are shown in Figure 2.1, a linear shift in the Bark domain by 1 Bark 
corresponds to a shift in the frequency domain of roughly the configuration shown 
in the bottom plot at Figure 2.2. Inter-sex differences which match such a shift 
configuration are predicted to be minimised by a constant Bark shift. A mixed data 
set drawn from Fant (1966, 1975), Peterson and Barney (1952), Oasa (1980), O'Kane 
(1981), and plotted in the same way (Figure 3.1)-female formant frequency as a 
function of male formant frequency-however, reveals a configuration significantly 
different from this. The main difference is the lack of mid-scale convergences in 
Figure 2.2 which are seen in Figure 3.1. 
It is difficult to evaluate this procedure against the background of the present 
theoretical model in the same manner as other procedures since their Bark shift 
method is a whole auditory spectrum approach and is not intended to account for 
the effect of each type of variance as identified in the present model. However, 
it may be observed that the effect of the Bark shift roughly corresponds to the 
normalisation of the effect of the vocal tract length differences. It is interesting 
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Figure 2.1: Frequency to Bark conversion function (top) and Bark to Frequency 
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Figure 2.2: One and 0.5 Bark shifts as represented in the Bark domain (top) and 
in the frequency domain (bottom). The shifted values are indicated on the y-axis as 
functions of the Bark or frequency values on the x-axis. 
43 
the perceptual compensation effect by FO, "harmonic efficiency" effect, and learned, 
socially conditioned characteristics, which are analysed by the present theoretical 
model in the non-uniform and phonetic quality categories of inter-speaker formant 
variation. 
2.2.6.3 Harshman's Method: PARAFAC 
Harshman's PARAFAC (1970) is a three-mode factor analysis model which analyses 
vowel formant data generating three tables of factor loadings: (1) factors for each 
formant, (2) factors for each vowel, and (3) factors for each speaker. The observed 
formant values are represented as follows (the current notational conventions are 
not used in the expression owing to the risk of ambiguity): 
N 
dijk = I: finVjnSkn + e, 
n=l 
(2.24) 
where dijk is the observed value for formant i for vowel j by speaker k; N is 
the number of factors; fin is the loading of formant ion factor n; Vjn is the loading 
of vowel j on factor n; Skn is the loading of speaker k on factor n; and e is an error 
term. 
In a full PARAFAC procedure, the means are subtracted out so that dijk be-
comes dijk minus the mean of all vowels for subject k. The PARAFAC normalisation 
procedure standardises the data by first determining in the formant loadings the di-
rections of expansion or contraction which fit the inter-speaker variation and then 
by calculating in the speaker loadings the amount of each speaker's variation from 
a reference average speaker along each of the expansion and contraction axes. The 
partial PARAFAC used in the evaluation article by Disner (1980) (see Section 2.3) 
limits the factors to the two expansion directions only. 
2.2.6.4 Method by Miller et al. 
Miller et al. (1982) and Miller et al.(1983) explored the possibilities of obtaining a 
better clustering for the Peterson and Barney (1952) data by the transformations of 
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the frequency scale. The basic strategy was to use a two- or three-dimensional space 
defined by [log(F3/ F2), log(F2/ Fl), [log(Fl/aFO)]] where a=0.875, 0.880, 1.297 
for children, women, and men, respectively. The coordinates may be equivalently 
expressed as [(logF3 - logF2), (logF2 - logFl), [logFl - logaFO]]. Miller et al. 
(1983) report that the vowels clustered better in the log frequency ratio spaces than 
in the similar Bark distance spaces [(B3-B2), (B2-Bl), [Bl-(BO+C)]] where C 
is a constant. Further, it was noted that the log Bark ratio spaces performed better 
than the Bark distance spaces, but not as well as the log frequency ratio spaces. 
Miller (1989) reports results of additional linear and non-linear transformations 
of the frequency scale, which included distances in Bark, Koenigs, mels, hertz, and 
logs of Bark ratios, logs of Koenig ratios, logs of mel ratios, and logs of hertz ratios. 
The results confirmed the earlier finding: the log frequency ratio space (in hertz) 
obtained the best clustering when the transformation was applied to Peterson and 
Barney's data. The space defined by the logs of mel ratios yielded equally good 
clustering. The general trend was that the spaces defined by the logs of formant 
frequency ratios in hertz, mels, Koenigs, or Bark (to a lesser degree) were more 
successful in obtaining good clustering than those defined by the distances between 
formants in various units, except the Bark distance space whose performance was 
compatible with that of the log Bark ratio space (cf., the result of Miller et al. (1983) 
above). 
The approach adopted by Miller and his associates qualifies as a point (or 
intrinsic) normalisation in Nearey's terminology (Nearey 1978, 1989), a.S a single 
vowel data item can be represented in a 'normalised space' without any further need 
for rescaling, shift or rotation in relati()n to the rest of the speaker's vowel system 
or other speakers' vowel systems. 
2.3 _Review and Evaluation Articles 
Three normalisation evaluation articles with quantitative data are reviewed in this 
section. Two normalisation review works, one a brief report and the other a com-
prehensive article with review and experimental components, are also introduced at 
the end of the section. 
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Disner (1980) compares the performances of the procedures of Gerstman, Lobanov, 
Nearey, and Harshman (1970) on six different Germanic languages. The outcome 
was evaluated from two different viewpoints: (i) the reduction of scatter, and (ii) 
the linguistic validity of the normalisation result. The result agrees with what can 
be expected from the formal analyses in the previous sections. From the scatter re-
duction viewpoint, the most successful procedure was Nearey's log-mean procedure 
with the following ranking order: (1) Nearey's log-mean procedure, (2) Lobanov's 
mean and standard deviation procedure, (3) Harshman's partial PARAFAC, and 
( 4) Gerstman's range procedure. Disner observes that the effective procedures in 
this category-procedures by Nearey and Lobanov-may be viewed as useful if the 
data are restricted to a single language or a dialect. 
From the viewpoint of linguistic validity, those methods that involve a mean-
shift and/or standard deviation readjustment such as Nearey's log-mean procedure 
and Lobanov's mean and standard deviation procedure--the very methods that are 
more successful in scatter reduction-were found to distort inter-language (-dialect) 
vowel system relationships established through independent phonetic observation. 
Harshman's partial PARAFAC, a procedure less effective in overall scatter reduction, 
but retaining the inter-language phonetic relationship better, is tentatively preferred 
by Disner. 
Hindle (1978) uses similar criteria for evaluating three normalisation proce-
dures: the Nordstrom/Lindblom uniform (vocal tract length) procedure, Nearey's 
log-mean procedure, and a six-parameter regression procedure devised by Sankoff 
et al. (1974, unpublished procedure and program). The data used by Hindle are 
from two Philadelphia English studies, in which the height of the phonological vari-
able /al/ before voiceless consonants has been independently (i.e., phonetically) 
observed to be correlated with the speaker's age. Similar to the Disner study, the 
two criteria employed to evaluate the normalisation results are (i) the reduction of 
standard deviation of each vowel region, and (ii) the preservation or enhancement 
(from the raw formant data) of the age correlation of the sociolinguistic variable. 
The first study revealed that both Fl and F2 standard deviations are reduced most 
markedly by the six-parameter regression procedure, followed by the log-mean pro-
cedure and the vocal tract length procedure. However, it was the log-mean method 
that yielded the highest age and vowel height (or more accurately, Fl) correlation; 
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the Nordstrom/Lindblom procedure came second, and the six-parameter regression 
procedure produced a correlation only slightly better than that in the unnormalised 
data. The second study which involved more speakers than the first study unfortu-
nately lacked some F3 information owing to the fact that it was a telephone survey 
and the frequency range was limited; consequently, the Nordstrom/Lindblom pro-
cedure could not be applied. However, the results obtained for the remaining two 
procedures were exactly the same as in the first study. Hindle's conclusion is that, 
while the clustering produced by the single scale factor normalisations (i.e., the log-
mean procedure and the vocal tract length procedure) is by no means perfect, the 
fact that they reveal known socio-phonetic correlation more clearly than either the 
unnormalised data or the six-parameter regression normalised data warrants their 
use. 
The apparent discrepancy between the conclusions by Disner and Hindle-with 
Hindle claiming Nearey's log-mean method to be the most successful in isolating a 
known social phonetic differentiation, while Disner claiming that it, while effective 
in scatter reduction, distorts known inter-language phonetic differences-can be ex-
plained by the difference in the type of linguistic phenomena in the respective data 
used for the evaluation of linguistic validity. 
Different phonological systems in Disner's multi-language data have different 
formant mean values and different degrees of dispersion (different "dialectal cen-
troid" and "clarity" in Joos' terminology), with phonetically distinctive differences. 
This inter-language relationship of global shift and expansion, which occurs in the 
same dimensions (but not necessarily in the same directions) as other inter-speaker 
shift and expansion due to various sources, is abstracted away altogether by the 
application of a mean-standardising and/ or standard-deviation standardising pro-
cedure of the Lobanov or Nearey type. 
In ~indle's Philadelphia data, on the other hand, the phonetic difference in 
question is local in the vowel system and has a relatively small effect on the overall 
formant mean and standard deviation; therefore, although the above-mentioned 
procedures would perturb this known phonetic difference by the relatively small 
amount it has contributed to the mean and the standard deviation, the major aspect 
of variance abstracted away from the data is of a more global nature such as the 
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effect of different vocal tract sizes, etc., and the resolution of the known phonetic 
difference in the normalised data would be enhanced. 
Theoretically, there is a threshold beyond which the perturbation of a phonetic 
difference by its own effect on the mean and standard deviation will override the 
benefits of the removal of other more global elements of variance. This threshold 
would be roughly determined by the proportion of the total contribution to the 
mean and standard deviation of all the phonetic differences against the contribution 
of other more global elements of variance, though the directions of all these elements 
of variance are also significant. The threshold clearly lies between the ratios of these 
variances found in the two sets of data used in the Disner and Hindle studies. Seen 
in this light, the results of the two studies, which at first might have appeared 
contradictory, are quite compatible. 
Kasuya (1980) evaluates the effectiveness of Wakita's vocal tract length esti-
mation procedure against a version in which the average of all estimated vocal tract 
lengths for a given speaker is used instead of individual vowel-specific values, viz: 
F'n[v]s = Fn[v]s * (l[v]s/l[v]ref) 
which is Wakita's method based on individual vocal-tract length estimation 
(VTLI), versus 
F'n[v]s = Fn[v]s * (l[.]s/l[v]ref) 
which is Kasuya's version based on average vocal-tract estimation(VTLA). 
Effe.ctiveness of the two methods was examined by discriminating vowel sam-
ples with linear discriminant functions and comparing the discrimination error rates. 
The result shows that the two normalisation methods are equally effective for dis-
crimination. Kasuya's conclusion is that the computationally less complex VTLA 
version can be adopted instead of the VTLI method, if one can afford a learning 
session to establish the average vocal tract length of a speaker. 
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A brief survey of the literature on perceptual and physical normalisation is of-
fered by Weenink (1984). The scope is limited to the review of existing normalisation 
procedures and the result of the normalisation evaluation work by Disner (1980). 
Weenink identifies that Disner's position of phonetically-relevant normalisation is 
in agreement with Labov's (1979) position which takes the view that the optimal 
normalisation procedure is not the one which shows the best clustering but the one 
which eliminates only those acoustic differences which are due to differences in vocal 
tract lengths. No evaluation of procedures is attempted in this report itself. 
Although it is not an quantitative procedure evaluation article in the vein of 
Disner (1980) and Hindle (1978), Nearey (1989) provides a comprehensive classifica-
tion and review of existing normalisation philosophies. He identifies various sources 
of formant frequency variation in a similar way as this study does in Section 3.2, 
but does not appear to attach as much significance to non-uniform relationships in 
between-speaker scaling (1989:2090). 
2.4 Graphic Illustrations of Performance Differ-
ences between Range and Uniform Proce-
dures Using Independent Data 
Presented in this section are the results of applying two normalisation procedures 
(Lobanov (1971) and HOSMEA (this study: Section 2.2.4.3)) which represent the 
range and uniform categories of normalisation procedures respectively on a subset 
of data drawn from the first collection of data described in Chapter 4. The data 
normalised and shown here include eleven phonemic monophthongs of Australian 
English in the /h-d/ word frame spoken by six speakers (3 females and 3 males). 
A number of normalisation procedures were implemented including the two whose 
results are shown below. 
The data used here were not phonetically controlled, and no data analysis is 
attempted in this section. 
Figure 2.3 compares the results of normalisation by Lobanov's procedure and 
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Figure 2.3: Six speakers' vowel systems in the F1/F2 space normalised by Lobanov's 
procedure (top) and by HOSA-!EA (bottom). In both plots, normalised F2 values are 
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malised formant frequency; x-axis: vowels. 
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or a dotted line (indicating males) which are drawn in an anti-clockwise direction 
starting from /i/ at the bottom right corner and terminating at /3/ near the centre. 
A comparison of the two results reveals a performance difference of the two pro-
cedures which is predictable from their algorithmic characteristics. In the HOSMEA-
normalised data, significantly large non-uniform (vowel-dependent) variation is still 
present after the reduction of uniform variation by the procedure, while in the 
Lobanov-normalised data, all six vowel systems cluster much more closely though 
some individual vowel clusters are less well-defined (e.g., /i/). 
Residual variations in Fl and F2 are shown for HOSMEA in Figure 2.4 and 
for Lobanov's procedure in Figure 2.5. Normalised formant frequency values are 
plotted against a series of vowels ordered in the same sequence as in Figure 2.3-
viz., from left to right: /i/, /1/, /e/, /re/, /a/, /A/, /o/, /"J/, /u/, /u/ and /3/. A 
prominent difference is found in the Fl plots where non-uniform residual variation is 
clearly indicated-as marked differences in the open vowels /re/, /a/ and /A/ where 
normalised female Fl's are higher than those of males, while the trend is reversed 
for some other vowels, e.g., back vowels /o/, /"J/ and /u/-in the HOSMEA result 
but absent in the Lobanov result. The larger variance for the Lobanov-normalised 
/i/ noted in Figure 2.3 is demonstrated clearly in the Fl plot of Figure 2.5. No 
marked differences are observed in the comparison of residual F2 variations between 
the two methods. 
2.5 Conclusions 
The chief problem with the range procedures (Gerstman, Lobanov, and Joos) in 
their application for a phonetically-oriented normalisation is found to be the fact 
that there is no mechanism in these procedures by which to preserve variance which 
represents phonetic difference, resulting in distortions or losses of phonetic informa-
tion. 
Uniform procedures attempt to account only for the effect of vocal-tract length 
differences between speakers by reducing a uniformly varying component of the inter-
speaker formant variation. Phonetic information is conserved as uniform transfer-
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mation itself is reversible, and, therefore, by the present theoretical criteria, uniform 
normalisation procedures are considered to be suitable as effective partial normali-
sation procedures of the type N(uniform, vocal tract length, phonetic). 
Non-uniform procedures attempt to account for the non-uniform component 
of speaker variation as well as the uniform component. Wakita's method involves 
the estimation of the vocal-tract length for each vowel to compensate for the non-
uniform effect of variable vocal-tract lengths over different vowels, which is an effect 
found in both across speakers and within each speaker. Fant's method implements, 
in addition to a uniform scaling, a non-uniform scaling using information derived 
from existing mixed-sex, multiple language data. 
The non-uniform method of Fant (1975) is a valid approach by the present theo-
retical criteria as it attempts to reduce variance of the uniform and non-uniform type; 
i.e., N(uniform and non-uniform, vocal-tract length and proportionality, phonetic). 
Whether phonetic variation is preserved through the transformations depends on 
the reliability of the empirically derived k-factor data. 
This consideration highlights the crucial problem with the Fant procedure: a 
lack of strict phonetic scrutiny in the preparation of the data for the derivation 
of the vital non-uniform scale factors. The study reported in the latter part of 
this thesis (Chapters 4, 5, 6 and 7) will serve to assess whether the universal non-
uniform tendencies of the female-male formant differences to depart from a simple 
uniform scaling observed by Fant is tenable, if data used are phonetically controlled 
so that the residual non-uniform variation after a simple uniform transformation is 
practically devoid of phonetic variation. 
Procedures which operate in the auditory domain would offer a viable alter-
native approach, if transformations are performed in such a way as to conserve 
phonetic_ variation in the data. Most existing auditory models, however, are not 
formant-based but operate on original sampled data in the time domain. Static 
steady-state formant data which many acoustic phoneticians employ in the acoustic 
description of vowel quality lack the vital continuous temporal information required 
by many auditory models that attempt to incorporate dynamic (temporal) auditory 
effects such as forward masking (e.g., Cooke 1986, 1990 and Seneff 1985, 1988), while 
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there are a few auditory models which do not emulate them (e.g., the Ensemble In-
terval Histogram model by Ghitza 1987) but nevertheless operate on the whole time 
sample. 
This study is limited to the analysis of normalisation procedures which can 
operate in the acoustic-phonetic space where vowels are represented by steady-state 
formant frequency values or by their simple transformations. Normalisation pro-
cedures in the auditory domain which involve complex transformations or whole 
spectrum representations are therefore outside the domains in which the present 
criteria for evaluation can be applied. 
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Chapter 3 
Descriptive Modelling and 
Experimental Strategy 
3.1 Introduction 
The first part of this chapter discusses two descriptive models for observed inter-
speaker formant variation in vowels. The first descriptive model attempts to identify 
all possible sources of formant variation and to suggest links between the sources and 
their acoustic manifestations. This detailed source model, however, cannot decom-
pose the observed formant variation into sources of variation since the mapping is 
not one-to-one. The second model describes inter-speaker formant variation in three 
major categories: uniform, non-uniform and manifestation of phonetic variation. 
This second model operates in the geometric domain, and describes inter-speaker 
differences in terms of the transformations required to equate them. 
The second part of this chapter describes an experimental strategy for Chap-
ters 4, 5, 6, 7 and 8, which is derived from consideration of the latter model. 
3.2 Possible Sources of Inter-Speaker Formant 
Variability 
A model for inter-speaker acoustic variability may be a speech generation (or syn-
thesis) model or a normalisation (or speech recognition) model. The former can be 
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considered as a low-level speech production or performance model in the sense of 
Chomsky (1965:4) or as a post-processor for the implementation rules in the produc-
tion model of Nolan (1980)-it will perform an 'inverse normalisation' or a 'speaker 
specificity generation' task below the level of phonetic coding in a speech generation 
model, incorporating detailed information about the speaker's dialect, anatomical 
characteristics of the vocal tract, coarticulation tendency, nasality, pitch, etc., with 
which to generate appropriate acoustic specifications. The latter model is a 'nor-
malisation' model-a 'bottom-up' abstraction model which decomposes observed 
variations into identifiable channels of information and, by way of a series of trans-
formations, produces an abstract level of data representation. 
Observed inter-speaker differences in formant frequencies may be ascribed to 
any number of the sources listed below. The object data are assumed to be phone-
mically equivalent across speakers, thereby excluding instances of sociolectal or di-
alectal phonemic variations which may exist within a speaker population. Such vari-
ations are considered to be coded in the phonological domain, which is upstream1 of 
the present level of description, and therefore are not treated by the models under 
present consideration (but are subject to a separate modelling at the phonological 
level). 
• (a) Vocal tract size 
• (b) Vocal tract proportionality 
• ( c) Phonetic quality 
• ( d) Sex-specific (or speaker-category-specific) articulation 
• ( e) Coarticulation effects (speaker-universal and speaker-specific) 
• (f) Compensation for different FO 
• (g) Pole-zero interaction in nasalised vowels and possible compensation for it 
1 Phonology pertains to the description of the system of sounds, and thereby distinguishes itself 
from the phonetic description, which is the description of the characteristics of individual sounds. 
Furthermore, the term 'phonology' is used in this thesis in the sense of the 'performance' model 
(Chomsky 1965:4). The exact boundary between 'performance' and 'competence', which is as 
important as it is contentious in generative linguistics, is not of direct relevance to the scope of the 
present study and, therefore, is not addressed. 
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• (h) LPC analysis artefacts 
• (i) Formant tracking errors 
• (j) Measurement at non-equivalent locations 
• (k) Other variations of a random nature (both in production and measurement) 
Elements (a) through ( f) and parts of (g) and (k) are variations present in the 
speech signal, while elements (h) through (j) and parts of (g) and (k) are analysis 
or measurement variations (or errors), which lie outside the scope of description by 
the present model. 
3.2.1 Vocal Tract Size 
To a first approximation, any given speaker's vocal tract is a rescaled translation of 
any other's. This approximate relationship may be observed for all vowel categories if 
the vocal tract configurations are compared across speakers vowel by vowel. Average 
formant frequencies are to a first approximation inversely proportional to the vocal 
tract length, so the length of the vocal tract is the principal determinant of the 
inter-speaker differences in averaged formant frequencies. 
3.2.2 Vocal Tract Proportionality 
There are differences in the proportions of the front and the pharyngeal cavities 
between speakers. These differences may be observed between any given individu-
als, but are more pronounced between the sexes, between adults and children, and 
between children at various stages of physical development. Generally speaking, 
the pharyngeal cavity is proportionally longer in men than in women; and because 
different vowels have different formant-cavity affiliations (Fant 1980), some formant 
values of some vowels are more significantly affected by this difference in proportion 
than others. Differences in vocal tract proportionalities are also observed within 
the same speaker when, for instance, the larynx height is varied, or the lips are 
protruded (Sundberg and Nordstrom 1976; Laver 1980), but the treatment of this 
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aspect of 'setting change' requires further consideration. Whether habitual or delib-
erate proportionality differences should be considered to be part of phonetic quality, 
and, therefore, different from anatomical proportionality differences is an impor-
tant distinction. Laver (1980) suggests that such habitual or deliberate settings are 
part of the perceivable and transcribable voice qualities. By the criterion of tran-
scribability, then, such perceivable qualities should be considered to be phonetic 
differences where some communicative intent is potentially encoded. The difficulty 
here is how to distinguish between the intrinsic and the extrinsic proportionality 
differences from short-term (or one-target) formant measurements. Incorporation 
of long-term measurements and repeated sessions over intervals of time might be 
useful, but that lies outside the scope of this study. 
3.2.3 Phonetic Quality 
If there are differences in the phonetic quality of a given vowel between speakers 
(due to dialect, stylistic, or idiosyncratic differences), these could result in significant 
differences in formant values. Ranges of allophonic variations also have significant 
effects on formant values; e.g., /u/ in South Australian English can be realised 
as a high back vowel when in the word-final, pre-lateral position and usually a 
forward-gliding diphthong from a high central vowel elsewhere, and especially in 
the word-final position. These allophonic variations are usually controlled in data 
collection stages by the use of fixed phonological contexts. 
3.2.4 Sex-Specific (or Speaker-Category-Specific) Articu-
lation 
Fant (1975) suggests sex-specific articulations as a factor partly responsible for the 
non-uniformity in male-female scaling factors. Bladon et al. (1982) also suggest 
learned, socially-motivated, sex-linked articulation differences across languages as 
the possible cause for the observed differences in normalising displacement values (in 
Bark) in the auditory domain. Since the operative definition of phonetic quality vari-
ation regards any variation which is discernible and transcribable by a phonetically-
trained listener (see Section 1.2) as phonetic variation, language-dependent, sex- or 
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speaker-specific learned effects which are auditorily perceptible (cf., Kahn 1975) are 
considered to be part of phonetic variation. 
3.2.5 Coarticulation Effect (speaker-universal and speaker-
specific) 
Coarticulation effects, as distinct from allophonic variations, are likely to have a 
significant influence on measured formant values. As in the allophonic variation 
control mentioned in the phonetic variation section above, the use of fixed phono-
logical contexts should minimise speaker-universal coarticulation effects. There is 
no easy method for controlling speaker-specific coarticulation effects. 
3.2.6 Compensation for the Pitch 
If the FO of a vowel is changed while its formant frequencies are kept constant, 
the perceived phonetic quality of the vowel will be changed. To maintain the same 
phonetic quality, the formant frequencies will have to be changed in accordance with 
the change in FO. This was the object of investigation in Traunmiiller's 1981 paper, 
which attempted to observe and quantify this effect in the phonetic dimension of 
openness. 
Traunmiiller's theory is that the tonality distance (Bark scale) between Fl 
and FO is decisive in cueing the phonetic dimension of 'openness', while the higher 
formants contribute marginally to this perceptual dimension. Results from an ex-
periment with one-formant synthetic stimuli, using 24 Austrian native listeners (12 
males and 12 females) as judges for five degrees of openness, revealed that, within 
the typical conversational FO range--100 to 300 Hz-the perceived phonetic quality 
of openn~ss was constant only when the Fl-FO distance was held constant, while FO 
was changed. Beyond FO = 370 Hz, mid-vowels [sic] underwent a perceptual 'open 
shift' (his Figures 3 and 4). 
The above argument that the perceived vowel quality of openness is a function 
of a constant Fl-FO distance on a Bark scale, when FO < 370 Hz, has been challenged 
by Bladon (1982a, 1982b) and Bladon et al. (1982). Their British English 'Received 
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Pronunciation' data with the monophthongal vowels produced by 5 males and 5 
females with falling pitch and 'static vowel qualities' did not support Traunmiiller's 
hypothesis: the Fl shift predicted by Traunmiiller's theory, in accordance with the 
falling FO to maintain the same vowel quality of openness, was not observed except 
when the FO was sufficiently high and the harmonic spacing was sufficiently wide in 
relation to the Fl frequency (Bladon et al. 1982). 
The 'harmonic efficiency criterion' suggested by Bladon et al. (1982) is a con-
struction that stipulates under what circumstances the physical Fl peak will undergo 
a shift in frequency following the nearest harmonic-or else remain unperturbed-
while FO is gradually changed. They suggest that the threshold is at Fl=3.5*FO. 
If Fl is below this, the harmonic spacing becomes relatively too wide for Fl and 
harmonic-Fl convergence will result. 
Three hypotheses in the literature about the conservation of the phonetic di-
mension of openness determined by FO-Fl relationship (Fujisaki and Kawashima 
1968; Traunmiiller 1981; Bladon et al. 1982) were plotted for comparison by Bladon 
(1982a:A5.2 Figures 3 and 4). Bladon did this in order to show the differences in 
predicted male-female normalising displacement values between the hypothesis of 
Bladon et al. (1982) and those of the other two, but it can be observed that the 
normalising displacement values for Japanese /e/ of the Fujisaki and Kawashima 
data agree fairly well with those for RP /e/ of the Bladon et al. data (the remaining 
difference may be due to the fine phonetic difference between the two languages). 
The Fl displacement values obtained from Traunmiiller's hypothesis were lower than 
those from the other two. There is no convincing evidence to show which hypothesis 
is correct. 
Each position has a potential weakness: (i) Traunmiiller's observation was made 
with one-formant stimuli; (ii) it is not clear how much of Bladon et al. 's observa-
tion is a.measurement effect-after all, Bladon himself points out the unreliability 
of formant measurement (cf. 'the determinacy objection' in Bladon 1982b:97-98, 
especially 98:Figure 3); and (iii) Fujisaki and Kawashima's data contain only one 
vowel category: / e/. 
In all cases above, however, the existence of 'FO compensation' is supported 
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despite the disparity in the numerical details of the first formant shift associated 
with an FO shift. 
3.2. 7 Other Sources of Formant Variation 
Effects of nasalisation on vowel formants have been studied by Fant (1960), Maeda 
(1982), Beddor and Hawkins (1984), and Hawkins and Stevens (1985) among many 
others. Nasalisation of a vowel affects its formant in a number of ways, usually 
involving a shift in Fl for non-high vowels, increase in the first formant bandwidth, 
and flattening of excitation patterns for the 300 to 2500 Hz range (Maeda 1982). 
Sometimes more than one additional resonance near Fl can be observed (Hawkins 
and Stevens 1985). Shifts in the centre of gravity of the Fl region may lead to 
a change in perceived vowel height (ibid.). This last point leads to an interesting 
speculation about a possibility of compensatory articulation strategy employed by 
a speaker involving the use of nasalisation as a method of achieving an enhanced 
perceptual openness instead of moving the articulators to the positions required had 
it been an non-nasalised vowel. In Chapter 6, a strategy will be explained which 
was employed to minimise the effect of nasalisation on the rest of the variation in 
the data. 
LPC analysis artefacts, formant tracking errors, variation due to measurements 
made at non-equivalent temporal locations, and other variations of a random nature 
are not speaker-variations, and are therefore not treated by this model. The first 
three sources should be minimised during acoustic analysis tasks, and in Chapter 6, 
the methods by which these sources of measurement variation are minimised for the 
acoustic analysis of the current database will be described. 
3.3 _Theoretical Model of Inter-Speaker Formant 
Variability 
A model which incorporates such components as the points (a) to (g) in Section 3.2 
above is suitable as a speech generation model. However, it has a problem if it is 
to be used as a model for normalisation. A certain variation pattern in measured 
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formant data may be the result of a combination of a number of sources, where the 
effect of a given component cannot be readily isolated. The fact that a one-to-one 
mapping between a source of variation and its acoustic consequence is not possible 
renders this detailed source model impracticable as a model for normalisation. 
The model for inter-speaker acoustic variations conceived for the present work 
is based on the notion that acoustically observed inter-speaker differences may be 
described in the following three major categories: 
1. uniform variation 
2. non-uniform variation 
3. manifestation of phonetic variation 
3.3.1 Uniform Variation 
Uniform variations are acoustic manifestations of vocal tract size variations. In an 
Fl /F2 space, uniform variations are manifest as rescaled translations of a vowel 
system, where each formant value is multiplied by a constant scale factor. 
3.3.2 Non-Uniform Variation 
Non-uniform variations are primarily acoustic manifestations of vocal tract propor-
tionality variations. In an Fl/F2 space, non-uniform variations are manifest as 
distortions of a vowel system, where each formant value is multiplied by a vowel-
specific scale factor, which may be empirically determined. 
Consequences of sex-specific or speaker-specific articulation, compensatory ar-
ticulation for different vocal tract proportions, and pitch related compensation to 
satisfy certain perceptual criteria are considered to be part of this category, unless 
such effects are auditorily discernible; otherwise, they are part of the manifestations 
of phonetic variation. 
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3.3.3 Manifestation of Phonetic Variation 
The manifestations of phonetic variations are distortions of a vowel system which 
do not conform to the distortion patterns of non-uniform inter-speaker variations. 
Without reliable empirical data to characterise the distortion patterns of non-uniform 
variations, it would be impossible to isolate the distortion patterns originating from 
phonetic variations. On the other hand, if the distortions due to phonetic variations 
is minimised by a phonetic control of the data, then the only residual distortions 
after the removal of uniform variations should be those due to non-uniform varia-
tions. 
3.4 Non-Uniform Inter-Speaker Formant Varia-
tion 
Typical non-uniform inter-speaker formant variations are illustrated in Figure 3.1. 
The data plotted in Figure 3.1 were drawn from Fant (1966), Peterson and Barney 
(1952), Oasa (1980), O'Kane (1981) and Fant (1975; which included averaged values 
of the first two data sets). 
The way these graphs were drawn requires explanation. In each graph, both 
female and male average data for the first three formants were plotted against male 
average data, vowel by vowel. This causes all male data points to lie on the line 
y = x, naturally, while female data points lie in a non-linear pattern above this 
line. Other speaker categories such as children can also be plotted in the same 
manner against a reference category (which, of course, does not need to be 'average 
male'). In fact, all individual speakers, irrespective of their age or sex, can be plotted 
against any one individual speaker who is chosen to be a reference by any ad hoc 
criterion. The purpose of such an individual-based plot would be to see whether 
most speakers cluster in the two or three 'major' sex categories (adult males, adult 
females, and children) or whether they exhibit a wide spread unrestricted by the 
'idealised' sex-category patterns shown by the averaged data. 
In the top graph in Figure 3.1, uniform female-male differences due to vocal tract 
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Figure 3.1: Mixed female and male average data plotted against male average data 
in the frequency domain (top) and in the Bark domain (bottom). 
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were only of the uniform type, then the average female data points would all lie on 
the line y = ax, (where a ~ 1), but the graph shows that there are non-linear, 
non-uniform deviation patterns between the two speaker groups. 
One noteworthy feature is the mid-scale convergences at the low end of Fl and 
at the low end of F2. The mid-scale convergences are also present when frequencies 
are converted into Bark units (bottom plot). The curves fitted to the raw data are 
hexic, quartic and cubic polynomial curves for Fl, F2 and F3 regions, respectively; 
however, there appears to be no theoretical explanation for the choice of these 
particular curves. 
The curve-fitting exercise had a certain purpose. It was thought that if a well-
fitted curve (or function) could be found, it would facilitate the task of determining a 
non-uniform scaling factor for any vowel whose phonetic or even phonemic identity 
is unknown. The data used in Figure 3.1 were not phonetically controlled. If a 
phonetically controlled set were used, the curves fitted might be more reliable for 
the task of finding non-uniform scale factors. 
3.5 A Strategy for Normalisation Research Adopted 
in This Thesis 
The normalisation strategy suggested by this theoretical model involves the min-
imisation of the uniform variation component in data, followed by that of the non-
uniform variation component. The chief residual variation should then be the man-
ifestation of phonetic variation. If all the components of non-uniform variation can 
be captured, this strategy should be compatible with the intent of producing nor-
malised data which contain only phonetic variation. 
The-distortion patterns (i.e., vowel-dependent scale factors) due to non-uniform 
variations must therefore be empirically obtained. This can be achieved by using 
data which contain minimal phonetic variation and then removing uniform variation 
from the data. 
The experiments described in the following chapters explore the essential do-
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mams which contribute to the attainment of this aim. Their aims include estab-
lishment of a phonetically stable initial database, establishment and application of 
appropriate methodologies for fine phonetic control, analysis of the effects of various 
uniform transformations, and analysis of non-uniform inter-speaker variation. 
The current framework for normalisation research is shown in the schematic 
diagram in Figure 3.2. The 'olio' (mixture) of formant variations is considered 
to be composed of phonetic variations, non-uniform variations, and uniform varia-
tions according to the current theoretical model of inter-speaker formant variability. 
Without concrete knowledge about the nature of non-uniform variations, phonetic 
and non-phonetic components of non-uniform variations are not readily separable. 
If an initial vowel database with high phonetic stability can be acquired, and then 
be processed through a rigorous phonetic control procedure (denoted by PC in the 
diagram), the resultant database can be considered to be phonetically homogeneous, 
and practically the only variations present in the data will be of non-uniform and 
uniform sources. 
The next step is to minimise the uniform component of the variations. Various 
uniform transformations are conceivable, and Figure 3.2 shows several parameters 
adopted in the experiment reported in Chapter 7. Examination of overall resid-
ual variations after uniform transformations may reveal phonetically interpretable 
patterns. 
The non-uniform aspect of inter-speaker variation should also be analysed for 
individual speaker categories, and the extent of the impact of the two levels of 
phonetic control-one by sampling methods and the other by a fine phonetic control 
procedure--should be evaluated. These analyses are reported in detail in Chapter 8. 
The current strategy is an analytical exploration of essential aspects of inter-
speaker formant variation. Future normalisation procedures may be developed on 
the basis of the findings of the present study. If it is possible to model the patterns 
of non-uniform variation, such normalisation procedures will remove uniform and 
non-uniform components of variation using the knowledge gained from the current 
analysis, and leave only phonetic variations in formant data. 
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This chapter describes the methodology of data collection through fieldwork con-
ducted in Adelaide, South Australia, to obtain a database with minimal dialectal 
variation for use in the subsequent experimental steps of auditory phonetic control 
and acoustic analysis. 
4.2 Reasons for New Data Acquisition 
The establishment of multi-speaker vowel data which are controlled for maximal 
phonetic homogeneity within all phonemically equivalent data is a vital step in the 
present strategy for the investigation of _inter-speaker formant variability as discussed 
in the previous chapter. From the inception of the present study it was envisaged 
that a database which will supply data as input to the phonetic screening procedure 
would have to be newly acquired. If any previous data had demonstrated a reliable 
level of phonetic homogeneity based on systematic phonetic scrutiny, they could 
have been considered for the present study. No such data were found. 
Many of the studies in the normalisation literature exhibit surprising levels of 
insensitivity to the question of the narrower phonetic equivalence in their data (as 
distinct from the question of dialectal homogeneity, which is sometimes controlled 
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either in the choice of their speakers or by later elimination of variant data). 
The often quoted data by Peterson and Barney (1952), while compiled in an 
otherwise meticulously controlled experimental paradigm, included speakers who 
were not native Americans and a wide range of regional dialectal backgrounds were 
admitted for the male native speakers. Another well-recognised data set, Fant's 
Swedish data set (1959) with 7 male and 7 female speakers, also allowed entry of 
speakers from multiple dialect areas. 
A degree of sensitivity to possible inter-language and dialectal variation in the 
data is found in a later study by the last author. The data used by Fant (1975) for 
his non-uniform normalisation analysis were based on data from 6 languages includ-
ing the two sources mentioned in the previous paragraph. Here, dialectal variation 
in the data was invoked by the author to explain anomalies in the data after the 
examination of their acoustic values: one of them is [u] in the American English 
data (Peterson and Barney 1952), and another is [y] in the Swedish data (Fant 
1959), both of which are attributed by Fant to "dialectal differences between the 
female and male groups"(1975:4f); a further instance, the Danish female [re], was 
excluded from the averaging. Aside from these observations, Fant also manipulates 
data by reassigning phonetic symbols when "obvious departures from average or ex-
pected formant data" were present and by a few times assigning vowels to "locations 
half-way between established positions in a phonetic sequence" (1975:4). There is 
certainly a systematic element in these manipulations but they are essentially pho-
netic or dialectal inferences from acoustic observations; to be fair, however, this 
strategy in its historic context would perhaps have been the best and only method 
in the absence of the means by which the vowels in question may be auditorily 
examined, but from a phonetic purist position, the ad hoc nature of the phonetic 
control is unsatisfactory and disturbing. 
It c~mld then be argued that if it were possible to obtain the audio source of 
any published data, a phonetic control could be performed on such data. There 
are, however, certain design criteria dictated by the requirements for the present 
study that must be satisfied (see Section 4.3 below). There is also a methodological 
constraint which stipulates that for any existing data to be processed through a 
phonetic control, analytical data must be available for each sound token, and not 
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only as averaged values over speakers or repetitions, so that the data items judged 
to be phonetically variant can be removed from further analysis. There are a few 
audio databases with published measurements available to the present author, but 
none satisfies all the necessary requirements for the present study; for example, the 
Australian English vowel data collected by Bernard (1967) containing 170 adult male 
speakers lack female voices; the previous mixed-sex data with 140 speakers collected 
for a regional variation study by Oasa (1980) did not have a complete coverage of 
the full vowel inventory in the /h-d/ frame, and dialectal variation was large as the 
choice of speakers was oriented for the characterisation of such variation rather than 
its minimisation; and the Canberra database of spoken Australian English by Millar 
et al. (1989) was only partially complete at the time of the commencement of the 
experiment, and did not include repetitions. 
4.3 Requirements for the Data 
There are a number of design criteria for the data. The two specific speaker require-
ments are as follows: 
1. At least two categories of speakers: male and female, and if possible children 
must be represented, by multiple speakers for each category; and 
2. All speakers must speak the same dialect. 
The first requirement is mandatory since these categories-particularly the first 
two-are anatomically and acoustically distinguishable major categories which are 
most often used in previous studies. Other categorisation possibilities such as those 
along the age dimension within each sex, or those along the dimension of maleness or 
femaleness in terms of the vocal-tract proportionality (i.e., front to pharyngeal cavity 
ratio), are of considerable interest; however, there are at least two complications in 
expanding the categories. 
The first complication is the question of whether it is possible to effect category 
quantisation along the age or maleness-femaleness axis in a manner as anatomically, 
acoustically and socially meaningful as in the polarisation between the male and 
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female categories. Children (specifically before the descent of the larynx takes place 
in male children) form the only other significant category; they are a 'third sex' 
characterised by the combination of more or less feminine vocal-tract proportionality, 
shorter overall vocal-tract length, and high FO. Arbitrary grouping into a small 
number of categories is likely to introduce a priori bias in data interpretation, and 
the only legitimate way to explore such dimensions is to sample a large number of 
speakers spread along those dimensions and then to proceed to postulate identifiable 
categories. 
The larger number of speakers necessitated by an increase in the number of cat-
egories would lead to another complication. The significance of the present project 
hinges on the rigour and precision of the phonetic screening of the data. Multiple 
judgement of each vowel means that tens of thousands of sounds have to be heard 
by a phonetically trained listener and thousands of transcriptions have to be made. 
These transcription data must then be closely examined individually. These pro-
cedures are software controlled in the areas of stimuli presentation, the storage of 
records and calculation of data statistics, but the most important aspects of the 
phonetic control procedure-i.e., phonetic transcription and the interpretation of 
each transcription-are inevitably highly interactive and labour intensive. Given 
the physical limitations of time and human resources as well as computer use, the 
involvement of a larger number of speakers would lead to either a reduction in the 
reliability of phonetic control or a reduction in the number of vowels to be included 
in the data, neither of which is desirable. The same is also true for acoustic mea-
surement, which is extremely labour-intensive to achieve adequate accuracy. 
This last point about the balance between the quality of phonetic control (as 
well as acoustic analysis) and the number of speakers admitted, therefore, has a 
bearing upon the first requirement for the data: there should be several speakers in 
each category but the number should not be so large as to risk a reduction in the 
quality of acoustic analysis or phonetic control. 
It may be contended that the second requirement for the data, that all speakers 
must speak the same dialect, need not be made strictly obligatory because the sub-
sequent phonetic control will ensure that all dialectally variant data be eliminated 
along with much finer sub-dialectal phonetic variants. However, there are two rea-
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sons why it is highly desirable for the initial data to be as dialectally homogeneous as 
possible. Firstly, the survival rate of useable data after phonetic screening depends 
on the initial dialectal homogeneity. Secondly, the reliability of the subsequent pho-
netic control procedure should not be overestimated since it is an entirely novel and 
hitherto undemonstrated experiment, and the initial selection of speakers from the 
same dialectal background, based on usual sociolinguistic considerations, will serve 
as an external pre-screening process and therefore enhance the prospect of overall 
reliability of phonetic screening. 
A wide range of data materials suggested by Clark and Fraser (1982) were in-
cluded for the two data collections. The essential requirements on the data materials 
were: that at least all 11 phonemic monophthongs of Australian English in a stan-
dard frame, preferably /h-d/, must be included; and that several repetitions must 
be recorded. The repetitions were deemed particularly necessary in order to ensure 
statistical reliability, to examine the possible effect of different list sequences, and 
to improve the prospect of each speaker having an adequate representation of his or 
her vowels after phonetic screening. 
4.4 Vowels Chosen for the Data 
The eleven phonemic monophthongs of Australian English in the /h-d/ word envi-
ronment were chosen for subsequent phonetic and acoustic processing. The manner 
in which these vowels were elicited is described in the following section. 
The choice of the /h_d/ frame is motivated by the fact that the cavity fric-
tion /h/ imposes minimal forward (left-to-right) coarticulatory effect on the vowel, 
even though the /h/ itself is coarticulated with the following vowel as the articula-
tors move into the position for the vowel. Coarticulation with the following voiced 
alveolar stop is present presumably throughout the vowel and particularly important 
toward the end of the vowel. It is a valid argument that the /h-# / frame would have 
been more effective in avoiding consonantal coarticulation than the /h_d/ frame, but 
the /h_d/ frame involves the smallest number of nonsense words ("hud" is the only 
nonsense word out of the eleven monophthongal words to the adult subjects), while 
no natural English word has any of the short vowels in the /h-#/ environment. 
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The omission of the eight phonemic diphthongs from the main consideration 
of the present investigation, despite the fact that they were recorded together with 
the monophthongs, is based on at least three reasons1 . Firstly, as there is evidence 
that human auditory perception of vowels is influenced by the rate of formant tran-
sition (Lindblom and Studdert-Kennedy (1967) and Fujisaki and Sugito (1977)), 
the reliability of transcribing a dynamic event such as a diphthong using essentially 
segmental symbols (or a finite number of coordinates, as an alternative method em-
ployed in this study (see Chapter 5)) is open to question. Secondly, the transcription 
reliability problem with a discrete symbolic representation of a dynamic event has 
an acoustic parallel: where along the time axis of a spectrogram should a diphthong 
be measured? This problem is particularly severe with the second element of a diph-
thong, which contains heavy coarticulation with the following alveolar consonant. 
If the second elements of the diphthongs were discarded because of the uncertainty, 
there would be little extra information to be gained from the first elements of the 
diphthongs which is not gained from the monophthongs. Thirdly, five out of eight 
words with the diphthongs in the /h_d/ frame are nonsense or unnatural words, and 
while the consistency of vowel articulation in unfamiliar or artificial words compared 
with that in natural words is an open question, indecision on the part of the subjects 
in reading such words was frequently apparent to the interviewer and manifest in 
longer pauses and relative drop in energy. 
It is to be remembered, however, that these serious theoretical and methodolog-
ical problems inherent in diphthongs also must apply to some of the monophthongs. 
In Australian English, many instances of the phonemic monophthongs are diph-
thongised to varying degrees (e.g., "heed", "who'd", etc.) while some of the vowels 
in the diphthong inventory are realisationally monophthongs (e.g., "hoored"). 
1 Additional reasons of more general or practical nature for disfavouring the inclusion of the 
eight diphthongs from the main study are as follows: (a) the session lengths of the transcription 
task would have been prohibitively long with the inclusion of the diphthongs; (b) there were more 
instances of clear mispronunciations with diphthongs than with monophthongs, probably caused 
by the unfamiliarity of some of the words, as mentioned in the main text; (c) monophthongs 
appear to be generally more stable (i.e., less affected by dialect and stylistic shift) than diphthongs 
(Mitchell and Delbridge 1965a, Labov 1972, as well as impressionistic observation of the data); (d) 
in the Fl/F2 space, diphthongs are, as far as can be ascertained for the given dialect, never more 
peripheral than the peripheral monophthongs; and (e) Fant's "k factors", which are the principal 
object to compare our non-uniform inter-speaker formant variation against, were calculated from 
monophthongal data. 
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4.5 Overview of the Fieldwork 
The fieldwork for the present study was conducted in Adelaide in two data collections 
nine months apart. The first data collection obtained various data from 11 speakers 
including the seven speakers who were members of a single large nuclear family 
whose data were used in a pilot study. Nineteen /h_d/ words were sampled, and 
acoustic and phonetic analyses were performed in the laboratory. For the second 
data collection two more speakers were added to the seven included in the analyses 
above, one of whom was a member of the nuclear family who had been unavailable 
for the first occasion and the other was a member of the extension of the same family 
who in fact was a subject in the first data collection but was not included in the 
analyses. As in the first data collection, some extra data were collected, but the 
main focus of the second data collection was to elicit numerous repetitions of the 
11 phonemic monophthongs in the /h-d/ frame, which were to be the main data for 
the present investigation. 
4.6 Recorded Materials 
Listed in this section are materials elicited during the two data collections. The 
inventories may seem superfluous in terms of the range of data as well as repeti-
tion redundancy with respect to what was eventually used in the main experiment, 
but they were so devised on the following two grounds: (1) the broader range of 
data covers the possible areas of research interest associated with the exploration of 
speaker normalisation; and (2) in a fieldwork like this where it is difficult to return 
later for additional data because of the change in the age constitution of the sub-
jects as well as the remoteness of the location, it is usually good practice to collect 
additional potentially useful data. 
In the first data collection, the recorded materials included the following: 19 
monophthongs and diphthongs of Australian English embedded in the /h_d/ envi-
ronment; a list of 71 eve words in which three representative vowels /i,a,J/ were 
combined with various consonants; 16 monophthongs and diphthongs in the /CJ#/ 
environment; a further 16 words of phonological interest; two reading passages in-
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eluding the 'rainbow passage' (Fairbanks 1960); and at least five minutes of free 
conversation with the interviewer. The orthographic representations of the /h_d/ 
and eve words and their prompts and one of the reading passages were adopted 
from the instruction document for the Australian Speech Archive (Clark and Fraser, 
eds. 1982). The details of these materials are not relevant to the present study and 
are therefore not elaborated here. 
The second data collection included the following: 19 monophthongs and diph-
thongs in the /h_d/ frame repeated at least 10 times; and the 'rainbow passage' read 
twice. 
The 19 /h-d/ words, which constitute the main data for the present study, were 
arranged in two different list sequences as shown in Table 4.1. One is a phonetically 
contiguous sequence (left column) in which the vowels are sequenced more or less 
anticlockwise around the vowel quadrilateral and neighbouring vowels are therefore 
not too dissimilar in terms of the articulatory phonetic features of height, frontness 
and roundedness. The other sequence is a phonetically contrastive sequence (right 
column) in which the vowels are arranged so that any neighbouring pair is in more 
pronounced contrast in terms of the three articulatory features. There is evidence 
that the perceptual boundary between two consecutive vowels shifts to varying de-
grees depending on the sequential environment they are in-whether they form a 
diphthong, two steady-state vowels or two steady-state vowels separated by a pause 
(Fujisaki and Sugito 1977). It is not known, however, whether this kind of percep-
tual contrast phenomenon affects the production of vowels when they are articulated 
sequentially in the constant /h-d/ frame. If such an effect does exist for production 
as well, it should be either controlled or neutralised, and so long as its existence is 
a possibility, appropriate consideration should be given to the design of elicitation 
materials. One way of neutralising this possible contrast effect is to use randomised 
sequences. It would require, however, quite a large number of differently randomised 
sequences to do this. 
Instead of employing random sequences, the two sequences adopted here offer 
extreme versions of phonetic similarity and phonetic contrast between consecutive 
vowels. Both sequences include multiple repetitions so that within each sequence 
type all vowels are produced in the same neighbourhood environment and are there-
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Table 4.1: /h_d/ Word List 
Phonetically Contiguous Phonetically Contrastive 
1 heed 1 hard 
2 hid 2 hid 
3 head 3 horde 
4 had 4 had 
5 hard 5 herd 
6 hud (as in HUD son) 6 hud 
7 hod 7 heed 
8 horde 8 hod 
9 who'd 9 who'd 
10 hood 10 head 
11 herd 11 hood 
12 hade (as in HADES) 12 hade 
13 hide 13 hoored 
14 hoyd (rhymes with BOYD) 14 how'd 
15 hode (rhymes with RODE) 15 heered 
16 how'd 16 hoyd 
17 heered (rhymes with BEARD) 17 haired 
18 haired 18 ho de 
19 hoored (rhymes with TOURED) 19 hide 
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fore comparable. This design, which includes two maximally different list sequences 
in terms of sequential phonetic contrast, also allows for a possibility of detecting a 
within-speaker variation caused by the differences in the sequential list context. 
Another possible problem associated with the presentation of elicitation materi-
als in a word list form is the speaker's tendency to adopt certain prosodic tendencies 
peculiar to list reading: for example, a rising intonation at the end of every word 
or at the end of a group of words strung together and a falling intonation on the 
last word in the list. A possible method of preventing the problem of stringing the 
words together is to use flash cards so that each word is physically separated and 
the anticipation of the end of the list is difficult. This method itself does not solve 
the problem of a list intonation on individual words; it may, however, be argued 
that this poses no essential problem for the purposes of the present investigation 
so long as the intonation is consistent across all words. The list intonation may be 
prevented by employing carrier sentences of the type: " is the next word". 
A carrier sentence which has the word in question at the beginning is preferable to 
one which has the word in a final position as in "The next word is ---", since 
the elicited word in the latter does not escape a possible sentence-final intonation or 
even a list intonation, depending on the individual speaker's reading strategy. The 
latter also introduces further coarticulation complications with the preceding con-
sonant. A major disadvantage in this method is that it requires far more time (for 
elicitation/recording, digitisation, and data editing) and initial data storage space 
than a simple word list. 
It will be noted in Table 4.1 that the sequence order of "who'd" and "hood" 
has been reversed from the more usual order of "hood" -"who'd". This reversal was 
designed to overcome the difficulties encountered by some of the speakers in read-
ing through that portion of the phonetically contiguous word list. The difficulties 
manifested themselves in the form of a sudden hesitation and a mispronunciation of 
"hood", .usually involving the tensing of the vowel. It was judged that the sequential 
environment was responsible for this mild phonemic confusion. After the order of 
the two words was reversed, no further problems were encountered. 
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4. 7 Subjects 
4. 7.1 Biographical Information 
The nine speakers (2 children, 4 females and 3 males) used in the present experiment 
are all members of a single large extended family living in Adelaide. Their relevant 
biographical data are given in Table 4.2. 
Table 4.2: Biographical Data on Subjects 
ID SEX AGE* HEIGHT( cm) WEIGHT(kg) 
1 Child (M) 12 years 8 months 152 48 
2 Child (M) 10 years 8 months 140 36 
3 Female 15 years 5 months 160 53 
4 Female 4 7 years 6 months 160 48 
5 Female 18 years 10 months 160 57 
6 Female 21 years 1 month 163 58 
7 Male 49 years 1 month 173 68 
8 Male 22 years 10 months 173 64 
9 Male 28 years 11 months 180 74 
*At the time of the second data collection 
For the purposes of the present study, there are a number of advantages in 
choosing all the subjects from a single large family in general and from this family 
in Adelaide in particular. 
One of the general advantages that sampling a single family has over sampling 
a population at large is that, while the speakers represent a range of major speaker 
categories including children, females and males, thereby offering a good contrast 
in the major aspects of the anatomical structure of the vocal tract (e.g., size and 
proportionality) which correlate with the major speaker categories, other more pe-
ripheral, minor, or genetically idiosyncratic variations of the vocal tract structure 
(which do not correlate with the major speaker categories, e.g., shape and size of the 
sinuses) are likely to be smaller among family members than among samples from 
a population at large. Therefore, by sampling a family it may be expected that 
the acoustic consequences of those peripheral anatomical variations which do not 
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correlate with the major speaker categories will be reduced while the acoustic ef-
fects of the major anatomical characteristics which correlate with the major speaker 
categories will be enhanced. 
There are specific advantages in sampling the particular family chosen for this 
study. All members of this family were born in the region and the family's life style 
and environment have been such that the members have spent much time at home 
together. The semi-rural valley community in which they live is conservative and 
sociolinguistically stable. The schools which the school-age members attend are in 
the same region. By the time of the first data collection no one had left home to live 
separately-this point is quite significant since it is a common phenomenon in South 
Australia for young people to leave home to live interstate, working or attending a 
university, which might have a significant linguistic impact on them. 
Speakers 1 to 8 are all members of a single nuclear family; Speakers 4 and 7 are 
the parents, and Speakers 1, 2, 3, 5, 6 and 8 are their children. Speakers 1 and 2 are 
placed in the child category; it may appear that at the age of 12 years and 8 months 
Speaker 1 is encroaching on adolescence. Boys' puberty normally begins with a 
growth spurt between ages 12.5 and 15, and other changes including the increase 
in the size of the larynx follow the onset of the growth spurt, but a wide range of 
individual variation is observed (Creager 1983:77 4f)2. Therefore, although it may 
not be possible to prescribe for a given individual the age at which the boundary 
between childhood and adolescence in terms of vocal-tract proportionality between 
the front and the pharyngeal cavities is reached, it can be assumed that the laryngeal 
development is still in a premature stage if a growth spurt has not set in or has 
only commenced very recently. It seems that Speaker 1 is at the beginning of this 
growth spurt. The drop in the fundamental frequency is another and more abrupt 
sign of reaching puberty in male children as a direct consequence of the laryngeal 
development and may be used as a guide. There was very little difference in the 
FO avera.ges between his data from the first data collection (at 11 years 11 months) 
and the current data from the second data collection. The fact that Speaker 1 is at 
the older end of the child category should be remembered in the later stages of the 
present investigation. 
2 Another source (Young 1971:233) suggests that the "breaking of the voice" in boys happens 
at a relatively late stage of adolescence. 
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Speaker 3, who is categorised as an adult female, may also appear as a boundary 
case between childhood and adulthood at the age of 15 years and 5 months. Since 
the change in vocal-tract proportionality in girls is not as significant as that in 
boys, in whom a marked elongation of the pharyngeal cavity occurs owing to the 
descent of the larynx, the consequences of a possible miscategorisation between a 
girl and an adult female are not as grave as they are between a boy and an adult 
male. Girls normally reach puberty earlier than boys (between ages 10.5 and age 13 
according to Creager; and according to Tanner (1962), girls' skeletal growth spurt 
is reached anywhere between the outside limits of age 9.5 and age 14.5 with the 
peak at age 12), and Speaker 3's age indicates that she is most likely to have passed 
the rapid skeletal growth stage. It can also be seen from Table 4.2 that Speaker 3's 
height and weight are comparable with those of her older sisters and her mother, 
which suggests that she has possibly reached the genetically probable adult bodily 
dimensions. Nevertheless, the fa.ct that Speaker 3 is at the younger end of the female 
category is to be remembered for the later examination of the experimental results. 
One of the problems in surveying a family exclusively is that it is extremely 
difficult to find one large enough to have multiple speakers in each of the adult male, 
adult female and child categories all living together or in a manner that is conducive 
to dialectal or sociolectal homogeneity. Speaker 9 is Speaker 7's nephew (i.e., cousin 
to Speakers 1, 2, 3, 5, 6 and 8) and is therefore in kinship terms three degrees 
removed from Speaker 7. He has been included to supplement the male data, but 
possible consequences of the fact that he is outside the nuclear family, albeit within 
the extended family, should be recognised throughout the study. 
4. 7.2 Phonetic Profiles 
This section provides some impressionistic phonetic characterisation of the speech 
variety of the speaker group as a whole, followed by descriptions of some possibly 
significant individual speaker differences. 
The speech variety of the speakers as a group may be impressionistically char-
acterised as largely "Cultivated" in the traditional classification by Mitchell and 
Delbridge (1965a) which identifies varieties of Australian English along a spectrum 
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that has three anchor points of "Cultivated", "General" and "Broad". All speakers 
of the present study exhibit varying degrees of diphthongisation in /i/ and /u/, 
ranging from very slight to moderate. 
Their speech exhibits a feature which is commonly observed among Adelaide 
speakers: forward-gliding diphthongisation of ju/. This feature as a South Aus-
tralian (or at least Adelaide) indicator has been espoused by Oasa (1980, 1989), 
but the question of its global acceptance is yet to be resolved (cf. Bernard 1989b, 
Bradley 1989). The description of both Cultivated and General Australian /u/ by 
Mitchell and Delbridge clearly indicates a backward-gliding diphthong (Mitchell and 
Delbridge 1965a:42f). In Oasa's observations, this trend was predominant among 
his Sydney and other New South Wales speakers, but all of his 24 Adelaide speakers 
and one South Australian country speaker indicated a forward-glide, sometimes to 
an extraordinary degree (as evidenced by F2 data of a female speaker which showed 
a 1000 Hz rise in the course of the diphthong). This observed trend has been 
supported by further observations, casual and formal (such as the present study). 
Sociolinguistic factors were controlled to ensure that the speaker's locality was the 
only major factor in possible speech variation. However, the sample size of only 
140 speakers in the original study (Oasa 1980) is certainly too small to draw any 
universal conclusions about regional markers or indicators, and the question of the 
direction of the glide in the diphthongised /u/ as one such regional indicator must 
remain open until a larger survey has been conducted. 
Another strong impressionistic feature of this group is that their central vowel 
/3/ is heard as a considerably more advanced (i.e., fronted) variety than its counter-
part as documented by Mitchell and Delbridge (1965a:35). Its quality is quite close 
to that of /e/, rather like a retracted and lengthened variety of /e/ with reduced 
lip-spreading (though not rounded-my observation is that the lip-position for this 
vowel is between neutral and spread). Both Mitchell and Delbridge (1965a) and 
Baker (1970:444) place this vowel in a customary central position. Formant data 
from adult male speakers obtained by Bernard (1989a:l92f) reveal that his F2 val-
ues for / 3 / are generally lower than those obtained from the adult male speakers of 
this study, which are shown in Appendix B (before phonetic control) and Table 6.1 
(after phonetic control), when comparisons are made between corresponding Culti-
vated speakers. It is interesting to note, however, that the F2 values for the Broad 
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speakers in Bernard's data are much closer to those of the speakers in the present 
study. These observations are presented merely to provide some impressionistic 
characterisation of the speech variety of the speakers, and no further speculations 
about the dialectal or sociolinguistic status of the observed feature are intended. 
My subjects have clearly closer varieties of /n/ and/-;,/ than those described by 
Mitchell and Delbridge (1965a:35); they are more akin to the varieties of Bernard's 
acoustic data (Bernard 1989a:l94). 
The group's other vowels (i.e., phonemic monophthongs used in this study) ap-
pear to be largely in conformity with any standard phonetic description of Australian 
English vowels. 
A brief comment should be made concerning nasality. It is a common quality of 
Australian English speech, and the subjects here are no exception. It is not easy to 
describe or record nasality impressionistically in a quantifiable manner, so here the 
description is limited only to the statement that nasality is discerned in all speakers 
in this study and that it is not contextual but rather pervasive as a consequence of 
a habitually lowered velum setting. 
The most noteworthy individual differences between the speakers are in the 
direction of the diphthongised /u/ and /i/. In the group's variety of Australian 
English, /u/ is an off-glide where the steady-state nucleus is in the first element of 
the diphthongised vowel, while /i/ is an on-glide where the steady-state nucleus is 
in the second element. Table 4.3 summarises the impressionistic observations. 
The degrees of the diphthongisation of /u/ and /i/ are variable and speaker-
dependent. From Table 4.3 a number of interesting further observations can be 
made. Firstly, the pattern of the degrees of diphthongisation of /u/ and that of 
/i/ are roughly the same. Secondly, monophthongal realisations of both vowels are 
-
heard only in the three oldest adult subjects' recordings: the two parents (Speakers 
4 and 7) and Speaker 9, who was nearly 29 years of age at the time of the data col-
lection fieldwork. This indicates the existence of inter-generation variation. Thirdly, 
while the three sons (Speakers 1, 2 and 8) and the youngest daughter (Speaker 3, 
aged 15) share greater degrees of diphthongisation, the older daughters (Speaker 5 
and 6, aged 18 and 21) show generally more moderate degrees of forward movement 
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in the diphthongs, rather closer to their parents' recordings, which are monoph-
thongal. Could this be explained by the older daughters' higher susceptibility to 
stylistic shift? Could we characterise this phenomenon as sex- and age-dependent? 
Answers to these questions are not immediately obvious. However, one fact that is 
apparent from the present observations is the necessity for phonetic control, even 
when the data were sampled from a sociolinguistically and dialectally stable en-
vironment. Finally, even though the observation summaries in Tables 4.3 capture 
each speaker's characteristics, there is considerable variation within each speaker's 
repetitions. The reader is encouraged to examine the impressionistic observation 
summaries in Table 4.3 against some acoustic manifestations (viz., F2 movement) 
in Appendix A. It will be noticed that, while the observations are largely supported 
by acoustic manifestations, there are many individual cases which are quite variant 
from them. 
Apart from the direction of the diphthongisation of /u/, another significant 
observation is that the actual phonetic quality of the /u/ at the nucleus position 
of the off-glide is also variable and speaker-dependent. Unlike the description by 
Mitchell and Delbridge (1965a:43) which indicates that the origin of the off-glide is 
in the high-central position, my subjects' starting points are highly variable in the 
entire high (close) vowel area between [i] and [u], with a lip-position between half-
spread and half-rounded. The notion that the quality of this vowel is variable has 
been demonstrated by Oasa (1980, 1989) and supported in a small study by Bernard 
(1989a:196). The phonetic variability of this vowel is also clearly discernible in the 
substantial transcription data of Chapter 5. 
Table 4.3: Direction of Diphthongisation in /u/ and /i/ 
ID SEX AGE /u/ /i/ 
1 Child (M) 12 Forward Forward 
2 Child (M) 10 Forward Forward 
3 - Female 15 Forward Forward 
4 Female 47 Monophthongal Slightly fwd/Monophthongal 
5 Female 18 Slightly forward Slightly forward 
6 Female 21 Slightly forward Slightly forward 
7 Male 49 Monophthongal Monophthongal 
8 Male 22 Forward Forward 
9 Male 28 Monophthongal Monophthongal 
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4.8 Interview Procedures 
All the recording sessions were held at the family's home. The house, which stands 
in its grounds of 13 hectares of natural bushland, was well insulated from traffic noise 
by open space. One of the bedrooms situated at the end of an isolated wing of the 
house was chosen. The ambient noise level, though not measured, was remarkably 
low. The room was moderately draped and no apparent reverberation was noticed. 
On both occasions of data collection, each session began with the elicitation 
or updating of the subject's biographical information following the format of the 
Australian Speech Archive (Clark and Fraser, eds. 1982). Elicited information in-
cluded the date of birth, schooling history, occupation (present and past), residential 
history, language background (learned at school), height and weight. 
All the word elicitation materials were presented to the subject as printed word 
lists. Flash cards, which are recommended for avoiding the list effect in reading, 
were not devised, but instead each subject was instructed to avoid using a rising 
intonation at the end of each word and to allow adequate pause between words 
(this was particularly important with the children, who tended to attempt to rush 
through the list, if unchecked). 
The recording instruments used were a Marantz Superscope cassette tape recorder 
and an external Nakamichi CM-300 microphone for the first data collection and an 
external Marantz EC-7 microphone for the second data collection. The cassette 
tapes used were TDK D60 and AD60 tapes with normal bias. The microphone was 
held unobtrusively by the interviewer at an approximately 30 em's distance from 
the subject's mouth. 
All subjects were in good health at the time of the interviews. Previous fa-
miliarity with the interviewer was a positive factor in helping the subjects to feel 
relaxed throughout the sessions. 
Photographs showing each subject's profile were taken with a 20 cm ruler held 
upright in front of the face by the subject to facilitate measurements of anatomical 
features. X-ray photography would have been far more useful for such measure-
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ments, but the expense, the logistics of such an operation and the voluntary nature 
of the subjects' participation precluded its application. 
4.9 Sampled Database for The Main Study 
A subset of data samples were carefully selected from the accumulated data for 
use in the subsequent acoustic analyses. The criteria for selection were: absence 
of production errors, absence of interruptions caused by coughs or clearing of the 
throat, absence of overlong hesitations before unfamiliar words, absence of word-
group formation in the list, absence of list intonation, and presence of adequate 
acoustic energy. 
594 vowel samples, consisting of six repetitions (three phonetically contiguous 
and three phonetically contrastive sequences) of 11 phonemic monophthongs in the 
/h-d/ frame by nine speakers, were chosen from the second data collection. These 
were digitised at the sampling frequency of 10 kilo-samples per second, and each 
/h_d/ word was manually segmented, labelled, and stored in a separate file, where 
the speaker and vowel information was encoded in the filename and the repetition 
number was encoded in the subdirectory name. 
The database thus organised was then subjected to a phonetic control procedure 
designed to limit further any phonetic variation still present in the data. This 
phonetic screening process is described in detail in Chapter 5. The details of the 





This chapter describes the methodology, operation, and results of a phonetic control 
exercise as it was applied to the dialectally homogeneous vowel data whose acqui-
sition was discussed in Chapter 4. The purpose of the exercise was to constrain 
these data further to obtain a phonetically controlled database with minimal resid-
ual phonetic variation. The resultant database is a prerequisite for the investigation 
of non-phonetic inter-speaker formant variation, the description of which will be 
found in the chapters to follow. 
5.1.1 Rationale 
Ideal natural vowel data for the investigation of the nature of inter-speaker for-
mant variation of non-phonetic origin should be completely devoid of any phonetic 
variation-intra-speaker as well as inter-speaker-within each phoneme, so that non-
phoneti~ speaker-dependent variation may be observed in isolation from phonetic 
variation. Such data, accompanied by a description of the method by which their 
claim to phonetic homogeneity is substantiated, are not found in the literature. The 
conspicuous absence partly reflects the difficulty involved in controlling the factors 
influencing the phonetic quality of the produced vowels such as the speaker's regional 
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and social dialect, his or her style (or register)1, and the inevitable inter-repetition 
variation in articulation2 • It may also reflect an insensitivity to the need to control 
finer phonetic variation. In the present study, in view of the virtual impossibility of 
acquiring phonetically homogeneous natural data, an alternative approach is sought, 
as outlined in Chapter 3, where dialectally homogeneous initial data are screened 
for remaining phonetic variation via a rigorous phonetic control procedure. 
The data to be processed are the Adelaide family vowel data, the acquisition 
of which is described in Chapter 4. Obviously, it is desirable for the initial data 
to be dialectally as homogeneous as possible so as to enhance the quantity of the 
surviving tokens after screening as well as their level of phonetic homogeneity. The 
Adelaide family data are considered to be well-suited for this purpose since they 
have been subjected to a strict preliminary 'phonetic control' in terms of subject 
selection and other sociolinguistic and methodological measures prior to and during 
the data collection. 
It is possible, however, that this preliminary 'phonetic control' by sociolinguistic 
criteria and interview techniques alone is inadequate, given the ubiquitousness of 
articulatory inconsistency and the fact that the methodological measures for data 
collection are purely prescriptive. Indeed, with the Adelaide family vowel data, 
which are prescribed to be dialectally homogeneous, a number of indications of 
internal phonetic variation have been noted. 
(1) A provisional examination of the data by impressionistic transcription re-
vealed a non-trivial amount of general sporadic phonetic variations, which are pos-
sibly due to articulatory inconsistency. 
(2) Even though all speakers were expected to share the same dialect/sociolect, 
some inter-generation differences were observed. 
(3) While the interview format was constant for all speakers, it was found at 
the time of the interviews that some speakers exhibited a greater degree of stylistic 
1 Labov {1966,1972:70-109) pioneered the methodology for isolating contextual styles, which has 
since become a standard technique for many researchers in sociolinguistics; e.g. Labov, Yaeger and 
Steiner {1972), and Trudgill {1974:110ff) among others. 
2Strictly speaking, inter-repetition variation is unavoidable since no speaker articulates the 
same word twice in exactly the same way, but the present concern is limited to the variation that 
is auditorily perceptible. 
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shift (in the Labovian sense) than others. Typically, the shift was more prominent 
in the adult speakers than in the younger speakers, which may partially account for 
the differences mentioned in (2), possibly reflecting the adult speakers' higher social 
motivations for stylistic shift in a 'linguistic interview' situation. 
These observations substantiate the necessity for an objective phonetic control 
of the data. 
5.1.2 Overview of the Structure of the Phonetic Control 
Procedure 
A brief sketch of the structure of the phonetic control procedure is given below to 
facilitate the identification of the procedural stages. More detailed descriptions of 
individual procedures will be given in later sections. 
The phonetic control procedure consists of three major components (see Fig-
ure 5.1). The first component is the transcription procedure, which is employed to 
produce transcription data. The task of phonetic control necessarily involves audi-
tory judgements made on the speech samples, which are expressed in various forms 
of phonetic transcription. Accordingly, the function of the transcription procedure 
is the acquisition of precise and reliable transcription records for the vowel data con-
cerned. In order to ensure reliability (cf. Section 5.2.1 ), multiple (10) transcriptions 
were made for each vowel item. 
The transcription component is followed by two screening procedure compo-
nents, which scrutinise the obtained transcription data to identify and remove vari-
ants. The first of the two screening procedures is concerned with the removal of 
the effect of transcription variation in the data. The procedure first screens the pri-
mary m~ltiple transcription data for gross transcription variation (including errors) 
arising from such factors as lapses in the transcriber's concentration and accidental 
noise disturbances in the experimental environment. All the remaining transcription 
tokens are then averaged, for each vowel token by each speaker, so that the effect of 
natural fluctuation over transcription repetitions is neutralised. The resultant aver-
aged transcription data, now consisting of one transcription record per vowel token, 























Removal of phonetic 
variation 
( 594 - a) vowels which are homogeneous within 
each vowel category; where a is the number of 
vowels removed 
Figure 5.1: Basic structure of the phonetic control procedure and the data flow as 
the procedure is applied to the current Adelaide Family Data. 
component. The second screening procedure component performs the actual task of 
phonetic screening by comparing all representative transcription records of a given 
phoneme and removing phonetic variants as determined by a distance threshold for 
phonetic homogeneity. 
The structure of the entire phonetic control procedure is shown in Figure 5.1 
together with the actual data flow for the present operation involving the Adelaide 
family data. The input data to the transcription procedure are the 594 vowels of the 
Adelaide family data, comprising a matrix of 11 vowels x 9 speakers x 6 repetitions. 
Since ten transcriptions are obtained for each vowel, a total of 5,940 transcriptions 
are obtained through the transcription procedure. These 5,940 transcriptions are 
then reduced to 594 representative transcriptions through the transcription screening 
procedure, and this number is further reduced after the phonetic screening procedure 
by the number of tokens judged to be phonetically variant. 
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5.2 Methodological Issues 
Early in the process of designing the phonetic control procedure, it was found neces-
sary to consider the following methodological issues carefully. Detailed discussions 
of these issues are presented in this section. 
1. The number of transcribers and the number of transcription repetitions re-
quired. 
2. The precision limit of phonetic transcription, and the definition of phonetic 
homogeneity. 
3. Whether to use natural samples or synthetic samples as stimuli. 
5.2.1 Transcriber and Transcription Validity 
5.2.1.1 Arguments for a Single Transcriber Based on Some Empirical 
Evidence in the Literature 
The first issue concerns the optimum number of transcribers and transcription rep-
etitions. The reliability of the obtained transcription data is critically important 
for the successful operation of the phonetic control. The questions about the re-
quired number of transcribers and transcription repetitions are the most immediate 
concerns in the experimental design, as they determine significant methodological 
controls for the maximisation of the reliability of the obtained transcriptions. 
A fundamental question regarding the number of transcribers is whether or not 
a high degree of transcription reliability can be achieved by a single transcriber, 
provided multiple transcriptions are made for each vowel. This question can be best 
approached by considering yet another question: do different trained transcribers 
agree in their transcriptions of the same sound, and if so, under what conditions? If 
a good agreement is shown to exist between similarly trained transcribers, a single 
transcriber may be considered adequate for the present task. 
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An instance of supportive evidence is found in an often-cited study by Ladefoged 
(1967), who observed good agreement in the transcriptions of 10 natural Gaelic 
vowels expressed as locations on a cardinal vowel quadrilateral by 15 expert subjects 
(phonetics staff and postgraduate students) all trained in the British tradition (i.e., 
Jones 1956) of phonetic transcription. This study also contains another interesting 
observation that the three additional subjects who had had no formal cardinal vowel 
training were less successful in obtaining agreement with the others. Since there 
were no transcription repetitions in this study by Ladefoged the question of intra-
transcriber variability is not resolved here. 
Laver (1965) reports an experiment involving multiple transcriptions of syn-
thetic vowel stimuli by :five expert transcribers. One of his several significant :find-
ings was that, when the repeated transcriptions (which were locations on a vowel 
quadrilateral) of each vowel by each transcriber were averaged, a "highly impres-
sive agreement" across the transcribers was obtained, while individual transcription 
locations were often very widely variant. Background factors such as sex, age, 
mother-tongue and, surprisingly, even the amount of experience with the cardinal 
vowel system had no effect on the general performance of each subject. 
A conservative conclusion to be drawn from these observations is that the use 
of transcriptions by a single well-trained transcriber, especially one substantially 
trained in Daniel Jones' cardinal vowel system (cf. Ladefoged, op. cit.), is adequate 
for a phonetic screening task irrespective of his or her age or linguistic background, 
provided that multiple transcriptions are used to obtain averaged data (cf. Laver, 
op. cit.). This last condition is significant, for it is only in the averaged data 
that transcription consistency across multiple transcribers was observed in Laver's 
results. 
In addition to providing a substantial reduction in the amount of transcription 
data to be obtained and processed, the choice of using a single transcriber instead 
of multiple transcribers has an advantage of circumventing the potential problem 
of having to 'normalise' systemic differences between transcribers which may stem 
from differences in their training. Ladefoged's observation of the existence of an in-
stitutional difference between the London-trained and the Edinburgh-trained pho-
neticians (ibid:l37), for example, illustrates one such case in which a transcriber 
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normalisation-i.e., taking transcriber characteristics into consideration and com-
pensating for them-would be necessary, if those transcribers were to be used as a 
panel of judges in a phonetic control task. 
Some of these problems and limitations of the conventional transcription method 
involving a panel of transcribers are further illustrated in the excerpted data from 
a pilot study, which is detailed below. 
5.2.1.2 Some Illustrative Data on Inter-Transcriber Transcription Vari-
ability from a Pilot Study 
The following is a short summary of the pilot study undertaken before the main 
processing was commenced to test the feasibility of detecting fine phonetic variation 
based on the consensus of a panel of transcribers. Part of the interest was in finding 
out the extent of residual phonetic variation in the sociolinguistically pre-screened 
data from the first collection of the Adelaide family data. But no less important than 
this was the information to be obtained about the degree of agreement among the 
transcribers in identifying fine phonetic variants. The following description focuses 
on the aspects relevant to the question of inter-transcriber variability. 
It was decided that the study should include transcribers with different levels 
of training and experience in order to investigate transcriber characteristics and 
the effect of training on the delicacy and accuracy of vowel quality judgement. Five 
transcribers were engaged in a task of listening to prepared sequences of /h-d/ words 
on a tape and transcribing the vowels they heard as 'narrowly' as possible. Two 
subjects-TPl and TP3 in Table 5.1-were classified as 'trained phoneticians' on 
the basis of their academic background in phonetics, their formal training in the 
cardinal vowel system as well as in the extensive use of IPA symbols, and their 
:fieldwork experience. The next subject (TT5) was an experienced linguist who was 
actively engaged in an orthodox descriptive work in a South East Asian language, 
but was here classified as a 'trained transcriber' based on his own assessment of 
his two-year phonetics training. The last two transcribers (T2 and T4) were speech 
scientists who had no formal training in phonetics but were thoroughly familiar with 
the task of phonetic transcription. 
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Attached to the audio tape which was given to each transcriber was a question-
naire which included the following two questions to be answered after the completion 
of the transcription task: (1) "With each stimulus, was phonemic identification your 
first inclination?", and (2) "With each stimulus, were you aware of the identity of the 
word?" While the two questions are obviously related, the second question specifi-
cally sought to find out if the transcriber was in any way engaged in a lexical retrieval 
task, whereas the design of the first question was to determine if the transcriber was 
influenced by phonemic categorical perception. It is interesting to note that the two 
trained phonetician subjects answered in the negative to both questions, while the 
other three subjects all answered in the affirmative to the first question and vari-
ously to the second question. This provides an indication of the different perception 
modes in which different transcribers may have ·operated, which might explain the 
generally different patterns of response the phonetician transcribers showed from 
the others. 
The material to be transcribed was a subset of the first collection of the Ade-
laide family data, and included 11 monophthongs in the /h_d/ context spoken by 
six speakers (two male and three female adults and one male child). Although it 
might be assumed that trained phoneticians should not be influenced by a sequen-
tial presentation of stimuli, as they contrast each incoming stimulus only with their 
own auditory reference impressions (e.g., cardinal vowels) and not with any other 
stimuli, it is possible that the ordering of the stimuli might have some influence on 
transcribers with less experience. Four stimuli sequences were engineered as follows3 • 
Stream A: Perception Test Mode 
( 1) Session 1: 3 repetitions of 66 vowel tokens all randomised 
over speakers and vowels (e.g., iii-uuu-EEE-aaa-uuu ... ). 
(2) Session 2: 3 repetitions of 11 vowels x 6 speakers, sequen-
tial, arranged by speaker (e.g., iii-III-EEE-@@@-aaa ... ). 
(3) Session 3: 6 speakers x 11 vowels, sequential, arranged 
by vowel (e.g., i-i-i-i-i-i-I-I-I-I-I-I... ), to be repeated as many 
times as required by the transcriber. 
3 ASCII coded IPA symbols (modified from Millar and Oasa 1981) are used wherever it is difficult 
to generate IPA script. See the notes to Appendix C for translations. 
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Stream B: Trained Phonetician Mode 
One session only. 11 vowels x 6 speakers, sequential, arranged 
by speaker (e.g., i-I-E-@-a ... ), to be repeated as many times as 
required by the transcriber. 
In Stream A, stimuli were ordered in three different ways to present three dif-
ferent types of sequential contrast. Session 3 presents an interesting case in which 
fine phonetic differences within the same vowel category may be emphasised by the 
sequential juxtaposition of all six vowel tokens of the same vowel category. Stream 
B is a straightforward transcription task conducted in a manner familiar to most 
phoneticians. The tape could be stopped and the transcriber was free to repeat any 
item as many times as required. 
Tables 5.l(I) and 5.l(II) summarise the results of Stream B and Stream A: 
Session 3, respectively, in terms of the maximum range of variability across speakers 
within each vowel category expressed in inter-cardinal-vowel distances. These max-
imum ranges in turn reveal inter-transcriber variability when compared across the 
columns. Transcribers are arranged in columns and vowels in rows. 
Different transcribers used slightly different sets of diacritical marks to indicate 
fine quality differences, but there was no difficulty in interpreting their intentions. 
However, the major problem in compiling these summary tables was how to quantify 
the specifications of vowel quality expressed symbolically by diacritical marks. When 
one transcriber indicates with a diacritical mark, for instance, that a given vowel is 
more open than the second cardinal vowel, it is difficult to know how much more open 
it is than the second cardinal vowel and how this difference relates to the difference 
intended by the use of the same diacritical mark by another transcriber. Whether 
or not the use of the same diacritical mark by different transcribers corresponds to 
the same difference from a reference vowel depends on the presence of consensus 
among all transcribers about what fraction of an inter-cardinal-distance a given 
diacritical mark represents; the IPA system does not stipulate any such values. 
Diacritical marks are meant as a means of indicating the direction of departure from 
a reference value and not the amount of departure. Such a system is adequate for 
a phonetic analysis as a front-end to a phonological analysis, but its lack of facility 
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Table 5.1: Inter-Transcriber Transcription Variability in the Pilot Study 
in Terms of Inter-Cardinal Distances 
(I) Maximum Range of Variability Within Each Vowel Category (Stream B) 
VOWEL TPl TP3 TTS T2 T4 AVERAGE 
1 /ii 1.00 0.00 0.33 0.33 0.00 0.33 
2 /I/ 1.00 0.33 0.67 0.33 0.33 0.53 
3 /FJ 1.00 1.00 0.33 0.00 0.00 0.47 
4 /(jilj 0.67 0.33 0.00 0.33 0.00 0.27 
5 /a/ 1.00 0.67 0.33 0.33 0.00 0.47 
6 I"! 0.33 0.67 0.33 0.00 0.33 0.33 
7 /0/ 0.33 1.00 0.33 0.33 0.00 0.40 
8 lo/ 0.33 0.67 0.33 0.00 0.00 0.27 
9 /U/ 0.33 0.00 0.00 0.00 0.00 0.07 
- --------------- -~---··---- -·-·----- ---------· ------···- - -----~ ----~ 
10/u/ 0.33 0.00 0.33 0.00 1.00 0.33 
11 /3/ 1.00 0.00 0.33 0.33 0.00 0.33 
(II) Maximum Range of Variability Within Each Vowel Category (Stream A(3)) 
VOWEL TPl TPJ TTS · T2 T4 AVERAGE 
1 /ii 1.00 0.33 0.00 0.33 0.33 0.40 
2 /II 0.33 0.33 0.33 0.33 0.67 0.40 
3 /El 1.67 1.00 0.00 0.33 0.33 0.67 
4 l(tiJJ 0.33 0.67 0.33 0.33 0.33 0.40 
5 /a/ 0.33 0.33 0.33 0.33 0.33 0.33 
6 !"/ 0.33 0.67 0.00 0.33 0.00 0.27 
7 /0/ 0.67 1.00 0.33 0.33 0.67 0.60 
8 lo/ 0.33 1.00 0.33 0.00 0.33 0.40 
9 /U/ 0.33 0.33 0.00 0.00 0.33 0.20 
10/u/ 1.00 0.00 0.00 0.00 0.00 0.20 
11 /3/ l.33 0.33 0.33 0.00 0.00 0.40 
(ill) Grand-Averaged Maximum Range Within Each Vowel Category 
VOWEL B AJ GRAND 
AVE. AVE. AVE. 
1 /ii 0.33 0.40 0.37 
2 /I/ 0.53 0.40 0.47 
3 IE/ 0.47 0.67 0.57 
4 !(iii) 0.27 0.40 0.34 
5 /a/ 0.47 0.33 0.40 
6 !"! 0.33 0.27 0.30 
7 /0/ 0.40 0.60 0.50 
8 fol 0.27 0.40 0.34 
9 IUI 0.07 0.20 0.14 
-- -------------- --------- ---- c-----~-.----·-- --------------· 
10/u/ 0.33 0.20 0.27 
11 /3/ 0.33 0.40 0.37 
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for quantification is one of the limitations of the conventional symbolic transcription 
method in a very fine multi-transcriber phonetic application like the present study. 
In this study, it was assumed that all transcribers' diacritics could be equated 
in absolute values, and the strategy of the first transcriber (TPl) in which each 
diacritical mark roughly signifies one-third inter-cardinal-vowel distance was adopted 
to interpret all other transcribers' diacritics. Lip-rounding was also given a value of 
one-third inter-cardinal distance for a difference of one diacritic since there are two 
intermediate lip-rounding positions (i.e., three intervals) that can be specified by the 
use of two diacritics-viz., more rounded and more spread-between a maximally 
rounded vowel and a maximally spread vowel at a given articulation point. 
Table 5.l(III) shows the comparison of the averages from the two sessions above 
and the grand averages obtained from them. The average and grand average data 
are indicative of the amount of fine phonetic variation across speakers present in the 
data, and suggest, for example, that the vowels /I/, /E/ and /0/ in the sampled 
data were more variable (around half an inter-cardinal-vowel distance range) than 
the vowel /U /. 
However, the points more relevant to the present consideration of the reliability 
of multi-transcriber responses are illustrated in the upper two tables. 
It is clear that the degree of agreement among the transcribers of this study is 
generally rather poor. The two trained phoneticians (TPl and TP3) show greater 
sensitivity to variations than the others and are also in closer agreement with each 
other than the other three transcribers. Nevertheless, there are numerous instances 
of gross inconsistency across transcribers; for example, the vowel /E/ was judged by 
the two phoneticians as highly variable across speakers in both sessions, but this evi-
dently strong indication of variation was hardly noticed by the others. On the other 
hand, there are highly divergent responses for the vowel /u/ across transcribers, 
including the two phoneticians, and across the two sessions. 
One noteworthy observation is that the phonetician listeners showed fairly con-
sistent responses to both sessions, while for one less-trained listener (T4), the style 
of stimuli presentation in Stream A(3) which demanded a discrimination-oriented 
task appeared to have a noticeable impact on his sensitivity to variations. 
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The general lack of inter-transcriber agreement may be ascribed to a number 
of reasons. Differences in transcribers' experience certainly appear to be a factor. 
The discrepancies between the two experienced transcribers may be due to the lack 
of transcription repetitions, as the high level of transcriber consistency observed by 
Laver (1965) was only obtained in the averaged data from multiple transcriptions. 
Stimuli presentation seems to play a role in the judgement of some transcribers. The 
ad hoc, albeit reasoned, quantification of diacritical descriptions is also considered 
to have contributed to the measurement of inter-transcriber variation. 
In summary, there are a number of controls that need to be included in a multi-
ple transcriber scheme of phonetic variation detection for it to operate reliably, and 
these controls have to be thorough and extensive. Some aspects, like the quantifica-
tion of diacritics, are beyond the facilities of the conventional transcription method. 
The results obtained from this pilot study at least leave the prospect of employing 
multiple transcribers and making simple decisions based on the averages of their 
records in serious doubt. 
5.2.1.3 Selection of the Number of Transcribers and Transcriptions 
From all these considerations, it was decided that a single well-trained transcriber 
should be used for the present experiment, with the condition that an adequate 
number of multiple transcriptions should be obtained. 
How many transcription repetitions per vowel are considered to be adequate? 
The number of transcription repetitions for each vowel token in Laver's experiment 
was eight. It seems reasonable then to assume that for the observation on the 
averaged data by Laver and its implications to be valid for the present exercise, the 
minimum number of transcription repetitions required would be eight. From this, 
it was decided that 10 transcription repetitions would be a desirable number for the 
present task to ensure reliability even if it should become necessary to discard a 
few individual transcriptions in the course of the transcription variation screening 
procedure. 
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5.2.2 Transcription's Precision Limit and Definition of Pho-
netic Homogeneity 
A definition of phonetic homogeneity is a fundamental requirement for the operation 
of the phonetic screening procedure. The need for defining the range (or area in a 
phonetic vowel space) of phonetic homogeneity has arisen as a consequence of the 
adoption of an unconventional transcription method in this study which records 
transcription data as points in a coordinate system rather than as symbols (see 
Section 5.3.1). 
The question of the definition of phonetic homogeneity in transcribed vowels 
can be translated into another question: what is the precision limit of phonetic 
transcription4? The answers to these questions should be identical, for the range 
that contains all phonetically homogeneous vowel tokens cannot be larger than the 
minimum range of phonetic variation detection by a transcriber, and vice versa. 
Since all phonetic transcribers undergo formal training in symbolic transcrip-
tion, it can be assumed that the level of reliability in their vowel quality judgement 
is determined by the constraints of the symbolic transcription system in which they 
have been trained. The systemic constraints are the number of quanta in any dimen-
sion of vowel quality (e.g., openness, frontness, roundedness, nasalisation, as well as 
any supralaryngeal or laryngeal settings that may be detected in a segmental dura-
tion). If, for example, a transcriber has been trained in a system which distinguishes 
ten levels of vowel height by the use of distinct symbols and diacritical marks, the 
precision limit of the transcription system, and hence that of the transcriber, is 
approximately one-third of a distance between two adjacent cardinal vowels in the 
dimension of openness. 
The notion of cardinal distance (i.e., distance between two adjacent cardinal 
vowels) as a reference unit for distance measure in a vowel quadrilateral is support-
able in the dimension of openness as the cardinal vowels are equidistant within the 
front and back vowel series. The equidistance relationship does not hold for the 
dimension of frontness: more distinctions are possible between cardinal vowels num-
ber 1 and number 8 than between cardinal vowels number 4 and number 5, whether 
4When multiple judgements are averaged (see Laver (1965)). 
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conceived in articulatory or psychoacoustic terms. 
In the phonetics courses at the linguistics department of the Australian National 
University, at the time the present writer was in attendance as a graduate student, 
phonetics students were trained to distinguish and transcribe up to ten levels of 
vowel height with the use of IPA symbols and diacritical marks. This would indicate 
that the systemic precision limit for the transcriber of this study (myself) who was 
trained in such a system, can be prescribed to be approximately one-third cardinal 
distance, at least in the dimension of openness. 
The transcription system employed in the above-mentioned courses in phonetics 
involved distinguishing seven degrees of frontness in the high vowel region, with a 
high central vowel used as a reference vowel at a half-way point. In the low vowel 
region, the system enabled only four distinctions of frontness. The implied systemic 
precision limit for the dimension of frontness then is also approximately one-third 
of the distance between the two low cardinal vowels. The distance between the two 
high cardinal vowels can be considered to be approximately two cardinal distances5 • 
So far, it has been argued that one-third cardinal distance would be a reasonable 
assumption for a systemic precision limit on the basis of the number of distinctions 
made available by the transcription system. But is it possible for a human listener 
to perceive this difference? 
Evidence from published psychoacoustic experiments to find difference limens 
(DL's) for frequency suggests that one-third cardinal distance is greater than the 
smallest perceptible difference. Difference limen values found in two formant exper-
iments appear to be around 6% of the formant frequency: while Flanagan's (1955, 
1957) one-formant measurement of DL's indicated ±3% of the frequency, Bailey 
(1987), whose experiment involved the measurement of two-formant DL's with back-
ground ~oise, obtained values ranging from approximately 5% to 7% (for quiet and 
high noise environments, respectively). Higher DL values were also observed; e.g., 
some of Mermelstein's (1978) results, involving five formants, indicated an Fl DL 
value of approximately 14% for the vowel /1/in both /#V#/ and /CVC/ contexts, 
5These must be approximate distances. It should be noted that the seven-way distinction of 
frontness in the high vowel region presupposes a constant degree of lip-rounding for all the vowels 
in the front-to-back series. 
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but for another vowel, a mid-open front vowel, an Fl DL of approximately 6% was 
obtained. 
A DL value can be translated into a percentage value of a frequency difference 
between two cardinal vowels by using a typical set of formant values that approx-
imate the cardinal vowels. Here, one such set (Delattre et al. 1952) is used for 
translating DL values. A 6% DL in frequency corresponds to about 17.5% of the 
Fl difference between any two adjacent cardinal vowels within the front or back 
series (or approximately one-sixth cardinal distance), while a 11.5% difference in 
frequency roughly corresponds to a one-third inter-cardinal vowel difference in Fl. 
Apart from the value of 14% referred to above, DL data generally indicate that 
one-third cardinal distance is perceptible. Caution is required not to place excessive 
confidence on specific figures derived by such translations. There are multiple layers 
of indeterminacy. Firstly, DL's are known to vary with the proximity of two for-
mants (Flanagan 1972:280). Secondly, the formant frequency data for the cardinal 
vowels are only approximate values. Thirdly, the validity of translating frequency 
DL's into a perceptual dimension in a simple manner as above is certainly to be 
questioned. The resources available in the present pursuit are insufficient to enable 
us to branch into a detailed analysis of the implications of various psychoacoustic 
findings. The considerations provided so far, however, are sufficient to indicate at 
least that a one-third cardinal distance is a perceptible difference well above the 
threshold of a just noticeable difference (i.e., DL). 
5.2.3 Stimuli: Natural or Synthetic? 
The third issue arose at an early stage in the design of the phonetic control experi-
ment. It was important to ensure a temporal match between the part of the vowel 
on which the transcriber's phonetic quality judgement is based and the part of the 
vowel at _which the one-target formant measurement was made (cf., Chapter 6). This 
temporal agreement is important since the present phonetic control operates solely 
on the basis of a comparison of the phonetic descriptions assigned to represent the 
formant data, and a temporal mismatch between the two points of 'measurement' 
could result in erroneous phonetic control. 
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The problem was not expected to affect the monophthongs so long as the static 
formant measurement location is approximately at the single perceptual target of 
the vowel (cf. Chapter 6). When a phonemically monophthongal vowel is diph-
thongised, however, as is usually the case with /i/ and /u/ in Australian English6 , 
the procurement of the temporal agreement between the part of the vowel tran-
scribed and the position of the static formant measurement becomes an important 
consideration. 
This section examines an argument that the temporal match might be easily 
achieved if the stimuli used for transcription were steady-state vowels artificially 
constructed by sustaining the part of the vowel where the formant measurement 
was made. It will be shown in the end that this method is both theoretically and 
technically problematic. 
A small provisional experiment was conducted to test the feasibility of using 
one type of synthetic stimuli. The only practicable method of constructing artificial 
steady-state vowels, given the limited resources available for the project, was the 
concatenation of pitch periods (excised between zero-crossings) extracted from the 
location of the formant measurement. An alternative method, a synthesis from 
parametric data around the steady-state target, was tested, but the resultant sound 
quality was not satisfactory. In an effort to make the artificial sounds as natural-
sounding as possible, different numbers of pitch periods ranging from one to ten 
were used to make test samples. It was envisaged that the naturalness of a sound 
would be lost if it had no 'jitters and shimmers', and the use of multiple pitch 
periods as a unit was an attempt to retain some of the irregularities inherent in 
the natural sample. On the other hand, it was also envisaged that the use of too 
many pitch periods could be a problem particularly if the original natural vowel was 
diphthongised. The resultant artificial sample would contain a rapid repetition of 
a portion of a diphthongal transition concatenated end to end-hardly a natural 
sound. Amplitude gain was manipulated to give each sound a natural onset and 
damping at the end. Many test stimuli were created to be first evaluated by the 
present author and an assistant. It was found that units of more than three pitch 
periods were largely less acceptable because they often showed rapid vowel-quality 
6For discussions on the diphthongisation of these vowels and other peculiarities of Australian 
English vowels, see Baker (1970), Bernard (1967), Burgess (1968), Lloyd (1978), Mitchell and 
Delbridge (1965a, 1965b), and Oasa (1980, 1989). 
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oscillations if formant movement was present, which were perceived as unnatural 
wavering ranging from 'buzzing' (around four pitch periods), 'ringing' (four pitch 
periods or more), to 'gargling' (nine and ten pitch periods). It was also found that 
the optimal number of pitch periods was vowel-, speaker-, and, in fact, sample-
dependent. These discrepancies presented no discernible pattern. One artificial 
vowel made from a high front vowel, for example, sounded quite natural when made 
with one pitch period but became progressively worse with additional pitch periods. 
With another vowel, phonemically an /u/, the optimal number of pitch periods was 
two, and the naturalness declined progressively toward five pitch periods, where 
it was no longer acceptable. With yet another /u/, there was no difference in 
naturalness between one, two and three pitch periods. 
To obtain more objective assessment, four representative vowels were presented 
to 11 volunteer listeners. The four vowels were /u/ by a male speaker, /u/, /re/, 
and /i/ by a female speaker, and each vowel had three versions created with one, 
two and three pitch period units. The total of 12 sounds were presented via a loud 
speaker to the listeners, who had been asked to comment on the naturalness of the 
sounds as well as to return their acceptability judgements by an integer score out 
of 5. By accumulating totals, it was found that the samples with one pitch period 
were judged to be the most acceptable. The accumulated scores were 133 (one 
pitch period), 113 (two pitch periods), and 97 (three pitch periods); or, expressed 
in averaged scores: 3.0, 2.6, and 2.2, respectively. From this result, there is no 
conclusive justification for the selection of any particular number of pitch periods, 
especially in view of the fact that individual scores were extremely variable. The 
most extreme case was an instance in which one vowel with one pitch period unit was 
given a score of 1 by one listener and 5 by another listener. In retrospect, it is likely 
that different listeners were using different strategies for their evaluations of the 
acceptability of the sounds presented to them; some listeners might have regarded 
the stimuli as phonetic objects while some might have sought human-like quality in 
them, and others might have interpreted the task as one of intelligibility assessment. 
The anticipated impressions were obtained from the listeners: "reedy", "fog-horn-
like", "tinny" and "nasal" were among the common impressions of one pitch period 
samples, which became more "crisp" with two pitch periods, while those with three 
pitch periods were often "harsh", reflecting the effect of an artificial subharmonic 
due to the "shimmer" which recurred regularly at every three pitch periods. The 
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misalignment of slopes at the zero-crossing point in concatenation was probably 
responsible for a further general reduction in naturalness, which might have affected 
samples with fewer pitch periods more since this juncture occurred more often in 
them. 
The inconclusive result from this small experiment indicated that at least this 
method of artificial stimulus preparation was not practicable. But another and even 
stronger objection to the use of synthetic steady-state stimuli of the kind proposed 
here comes from a theoretical consideration. 
The theory that the rate and direction of the adjacent transitions to the target 
influence the perceived vowel quality was supported by Lindblom and Studdert-
Kennedy (1967), who observed shifts in the categorisation boundary of [1]-[u] con-
tinuum governed by the environments: #-#, w_w, and j_j. Similar boundary shifts 
were observed in the middle vowel of a triphthong, viz., V /u_u (Fujisaki and Sugito 
1977)7. Some of the other works that share the view of this theory are: Brady et 
al. (1961), Kuwahara (1985), and Akagi (1990). 
The theory predicts an articulatory, and hence acoustic, undershoot for the 
perceptual vowel target. According to this theory, then, if transition information 
is removed, as by the concatenation of excised pitch periods from the area of an 
'undershot' vowel target, the perceived phonetic quality is expected to be altered. 
For both practical and theoretical reasons, the use of synthetic stimuli for the 
transcription procedure was abandoned. It was decided to ensure only a crude tem-
poral matching between the point of formant measurement and point of phonetic 
transcription, for diphthongised vowels, by keeping a record of the formant measure-
ment points, and by remembering those target points when a diphthongised vowel 
was presented during the transcription sessions. 
7Bladon (1985) presents evidence which indicates that, in diphthongal perception, the acoustic 
specificati~ns of the end-points are important for perception, and not the transitions. 
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5.3 Transcription Procedure 
5.3.1 Description 
Since the operative definition of the phonetic difference between two speech sounds, 
as adopted in this thesis (see Section 1.2), is the difference which is auditorily per-
ceptible and transcribable by a trained phonetician, the screening of acoustic data 
for phonetic variation by means of the analysis of their phonetic transcriptions is a 
logically appropriate and perhaps irreplaceable method. The aim of the transcrip-
tion procedure described here is to obtain precise and reliable multiple transcription 
data for the 594 sampled vowels of the Adelaide family database. 
In this procedure a total of 594 vowel samples in the /h_d/ frame (11 vowels x 9 
speakers x 6 repetition sets) were transcribed in the following format. Each set of 99 
digitised samples (11 vowels x 9 speakers), which constituted a transcription session 
unit, were presented in a software-controlled procedure to a single phonetically-
trained transcriber in 10 different random sequences. Multiple transcriptions were 
intended to enhance the reliability of the phonetic control, but would also provide 
an opportunity to assess the extent of transcription variability. As there were six 
such sets of 99 samples, a total of 5,940 transcriptions were obtained (11 vowels x 9 
speakers x 10 repetitions x 6 sets). 
The transcriptions were made by pressing a magnetic pen in a large cardinal 
vowel quadrilateral placed on a graphics tablet in response to each stimulus which 
was repeated three times. The primary transcription datum was the pair of co-
ordinates of the pen's position when pressed on the tablet. The coordinates were 
stored in files together with other optional information such as marked nasality and 
roundedness, and an estimate of confidence in the transcription, which was entered 
by pressing the pen in the appropriate menu box at another location on the tablet. 
The transcription records, therefore, were of a continuous nature, in contrast with 
traditional transcriptions, which are symbolic and therefore necessarily discrete. 
This arrangement has an advantage over the traditional symbolic method in 
many ways. Responses by the pen press can be made more speedily than by the 
writing of symbols with elaborate diacritics, and correction is also easier and faster. 
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One of the possible problems associated with using multiple transcribers8-the prob-
lem of 'normalising' transcriber differences by interpreting style differences between 
transcribers involving, e.g., different sets of diacritics employed, or different defini-
tions of diacritics used by each transcriber, for instance, varying degrees of extra-
openness denoted by the same diacritic for 'more open'-can be overcome. And 
finally, the compilation of statistics for thousands of transcription data is made eas-
ier and more precise by the use of digitally encoded continuous transcriptions than 
by using discrete symbolic transcriptions. 
The development of the digital transcription system was first inspired by the 
arrangement used in an early experiment by Laver (1965) in which the transcribers 
were asked to locate a vowel heard on a vowel diagram. The vowel diagrams 
were arranged in booklets which contained one diagram per page (to avoid cross-
referencing). The present system is an improved version of this earlier arrangement, 
made possible with the use of a computer and a graphics tablet. 
The vowel quadrilateral diagram which was placed on the graphics tablet, was 
constructed following the dimension specifications of Laver's (1965:102) vowel di-
agram. The only major differences were that the size was increased by a factor 
of two, and a menu box area was created to the lower left of the quadrilateral so 
that various additional information about the vowel quality could be recorded. The 
quadrilateral is reproduced in a reduced size in Figure 5.2. The actual dimensions 





Distance from periphery 






8In this study, this problem was also circumvented by the use of a single transcriber. The 
statement of this particular advantage is intended for other transcription studies where multiple 
transcribers are employed. 
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Figure 5.2: Vowel quadrilateral used in the transcription procedure. 
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5.3.2 Procedure 
The transcriber was seated in front of the graphics tablet. The stimuli were pre-
sented to the transcriber though a loud speaker located approximately 1.5 metres 
away. Each stimulus was repeated three times after which the transcriber pressed a 
magnetic pen on an appropriate point in the vowel quadrilateral. There was no time 
limit for the pen press as the presentation of the next stimulus was only enabled 
after the pen was pressed, but usually the response time was of the order of a second 
after the third presentation of the stimulus. 
With the two diphthongised vowels /i/ and /u/, the second element was tran-
scribed for /i/, and the first element was transcribed for /u/. This is because /i/ 
in South Australian English is an on-glide, where the second element is more stable 
across speakers, while /u/ is usually an off-glide, where the first element is more 
stable. 
Aberrant lip-rounding was recorded by pressing the pen in one of the four 
menu boxes numbered from 1 to 4, representing four degrees of lip-rounding from 
maximally spread to maximally rounded. Excessive nasalisation was also recorded 
by pressing the pen in a box marked 'nasalised'. If it was difficult to come to a 
decision after the third presentation of a stimulus, the transcriber had a choice, 
depending on his confidence level, between (a) making the best guess (which would 
be screened out in the next procedure, if aberrant) and leaving it at that, and (b) 
making a guess and marking it by pressing in the box marked 'not transcribable'. 
However, those occurrences were rare. One of the disadvantages of the laboratory 
setup was that it was not completely sound proof. While the completion of the 
60 sessions took several weeks, there were occasional mid-session noise intrusions 
including telephone bells and other sources. As it was made a rule not to stop a 
session once it was commenced, when a noise was found to interfere with a correct 
judgement of a vowel, a box marked 'problematical' was pressed with the pen. 
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5.3.3 Results and Analysis of Intra-Transcriber Transcrip-
tion Variability 
As a result of the 60 transcription sessions, a total of 5,940 transcriptions were 
obtained, and these were forwarded to the next stage of phonetic control: the tran-
scription variation control. 
Extensive analysis of the transcription variation patterns in the initial transcrip-
tion data was conducted. This involved a characterisation of each of the clusters 
formed by ten transcription points in terms of its shape and size and the presence 
or absence of outliers. Simplified results are presented in the first six tables of 
Appendix C. The definitions of the three cluster types are found in the notes to 
Appendix C. The two tables at the end of Appendix C show the frequencies of the 
three cluster types against each vowel category and each speaker, respectively. From 
these two summary tables, the following observations can be made. 
Intra-transcriber transcription variability in the initial transcription data was 
less than the range of half a cardinal distance for most vowels and less than a third 
of a cardinal distance for many vowels. It is smallest for the vowels /i/, /e/ and /';)/, 
and largest for the vowels / u /, /o /, / u / and / 3 /. There is no straightforward cor-
relation between vowel length and transcription variability, but in localised regions 
of the vowel space (see the vowel quadrilateral diagram at the end of Appendix C), 
it may be observed that tense vowels are more consistently transcribed than lax 
vowels. For example, in the back region, /';)/ has more tight clusters than /o/ or 
/u/; in the high front region, /i/ has more tight clusters than /I/; and in the low 
vowel region, /a/ edges out /A/ by a small margin. The two central vowels /u/ and 
/ 3 / and the mid front vowel /e / clearly do not conform to this generalisation. It 
can also be remarked that the peripheral vowels show less intra-transcriber variation 
than the central vowels, even though there are only two central vowels to base this 
observation on and there are two back vowels to challenge the universality of this 
generalisation. Furthermore, there is a trend that the front vowels are more reliably 
transcribed than the back or central vowels, but one prominent counter-example to 
this is /';)/. 
We may tentatively conclude that intra-transcriber transcription variability is 
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influenced by a combination of the factors mentioned above. Vowels which are tense, 
peripheral and in the front region are likely to be transcribed more consistently than 
those which are lax, less peripheral, and in a non-front region. Lacking one of these 
factors may not crucially affect the consistency of transcription; such examples are 
/e/ and/-;,/. 
It is also of some interest to find out if intra-transcriber transcription variability 
is correlated with the sex or age of the speakers. Since cardinal vowel training 
has historically employed a male voice, can one expect greater degrees of intra-
transcriber transcription variation for female and child speakers? The last table in 
Appendix C shows that there was no discernible pattern with respect to either the 
sex or the age of the speakers. The first two speakers are children, the middle four 
are female adults and the last three are male adults. However, there are quite large 
individual differences: two female speakers (Speakers 5 and 6) show relatively low 
rates of transcription consistency, while one male speaker (Speaker 9) exhibits a 
significantly higher proportion of tight clusters than others. 
It is possible that there are other properties of the speakers which may be corre-
lated with high transcription variation. Nasality, for example, may be a candidate. 
In the absence of sufficiently reliable data on nasality, however, this prospect must 
be left for future investigation. 
It has been observed that intra-transcriber transcription variability is both 
vowel- and speaker-dependent, but it is noteworthy that the degree of its vowel 
dependence is far greater than that of its speaker-dependence. 
5.4 Transcription Variation Control 
5.4.1 - Description 
In the first stage of the screening of the transcription data, transcription variance 
was reduced by an interactive procedure which identified and removed transcription 
outliers in the data. The surviving tokens were then averaged to obtain the final 
594 representative transcriptions. 
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5.4.2 Procedure 
All ten transcription points, obtained for each vowel of each speaker, were plotted 
on a large graphics terminal screen, and then an ellipse, with its major and mi-
nor axes at twice the standard deviations of the principal components, was drawn 
about the centroid. Any transcription point outside this ellipse was regarded as a 
significant transcription variant and was manually selected for removal by locating 
it with a cross-hair cursor on the screen; after this operation, a new centroid of the 
surviving transcription points was calculated, which became the final representative 
transcription datum for the given vowel token. This operation was repeated for each 
of the 11 vowels. As there were 9 speakers with 6 repetition vowel sets, a total of 594 
interactive operations were performed, each involving outlier detection and removal, 
and calculation of new centroids. 
The recalculation of the centroid after the removal of grossly variant transcrip-
tion points was necessary because the initial centroids were sometimes significantly 
biased by extreme outlying transcription data, many of which were clearly erro-
neous, in which case the original centroids would have been poor representatives for 
the transcribed vowel tokens. 
The 5940 transcription points were thus reduced to 594 centroid points, and 
these were forwarded to the next stage of phonetic control: the phonetic variation 
control. 
5.5 Phonetic Variation Control 
5.5.1 Description 
In this final, phonetic screening stage, the averaged transcription data were displayed 
together, one vowel category at a time, and all outlying vowels beyond a certain 
predetermined range were considered to be phonetically variant and were removed 
from the data. 
The range that delimited the extent of phonetic homogeneity was one-third of 
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the distance between two adjacent cardinal vowels in each dimension. The justi-
fication for this range was given in Section 5.2.2. Although it was this one-third 
cardinal distance that was eventually used for the phonetic control of the acoustic 
data, an intermediate range of one-half cardinal distance (that is to assume that 
phoneticians can only distinguish one intermediate vowel quality between given two 
cardinal vowels) was also employed to compare the survival ratios of data between 
the two criteria. The employment of this broader range was also a cautionary step 
in case much of the data should be decimated as a result of the more strict phonetic 
control by one-third cardinal distance. 
5.5.2 Procedure 
All 54 representative centroids of transcriptions (6 repetitions by 9 speakers) for 
each vowel were plotted together, and two rectangles, one representing the range of 
one-half cardinal distance in both vertical and horizontal directions and the other 
the range of one-third cardinal distance, were drawn with the centroid of the 54 data 
points at the centre. Outliers were removed, first for the one-half cardinal distance 
range, and then for the one-third cardinal distance range. The outliers to be removed 
were selected in the same manner as in the transcription variation control-viz., by 
locating an outlier with a cross-hair cursor on a large graphics terminal screen. 
5.5.3 Results and Discussion 
Figures 5.3 to 5.13 show all the 54 transcription centroids for each vowel, with the 
two ranges used for phonetic screening. The large rectangle represents the one-half 
cardinal distance range, and the smaller rectangle represents the one-third cardinal 
distance range, which was used for the final phonetic screening. 
One very deviant point in Figure 5.4 indicates a production error of phonemic 
magnitude on the part of the speaker. Since ten independent transcriptions were 
involved for the determination of each point in these diagrams, the grossly variant 
nature of this vowel sample seems a certainty. 
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Figure 5.5: Phonetic screening for the vowel in "head". 
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Figure 5.6: Phonetic screening for the vowel in "had". 
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Figure 5.8: Phonetic screening for the vowel in "hud". 
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Figure 5.9: Phonetic screening for the vowel in "hod". 
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Figure 5.14: 594 transcription centroids representing 11 vowels by 9 speakers with 
6 repetitions for each vowel. The symbols are: A for (the vowel in) "heed", B for 
"hid", C for "head", D for ''had", E for "hard", F for "hud", G for "hod", H for 











I I I l 
Figure 5.16: Remaining vowels after the phonetic screening by one-third cardinal 
distance. 
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the first element of this typically forward-gliding South Australian diphthong (Oasa 
1980) was transcribed on every occasion, the bi-modal distribution of transcription 
centroids betrays the existence of two groups of speakers within a single family who 
use separate strategies in the articulation of this vowel: speakers in one group start 
off with a fairly back vowel and glide forward in a marked manner, while those 
in the other group start off with a relatively front vowel and either glide a very 
small distance forward or sometimes do not glide at all. These variations were also 
observed earlier in the time traces of diphthongised vowels in Oasa (1980, 1989). A 
pragmatic decision was made to select the cluster which contained a greater number 
of data points in order to enhance the number of survivors after screening, which 
turned out to be the back variety by a difference of one. 
A question about whether or not this bi-modal distribution is actually inter-
speaker based rather than intra-speaker based must be addressed. Both transcrip-
tion centroid plots and Fl/F2 representations for all nine speakers have confirmed 
that this is an inter-speaker phenomenon. Apart from a few isolated cases of pho-
netic variants (which also showed up as acoustic variants in Fl/F2 plots), both 
representations showed relatively small intra-speaker variation in comparison with 
much clearer inter-speaker separation. Selected examples shown in Figures 5.17 to 
5.20 illustrate the point. Speaker 3's /u/'s, represented by the symbol "J", are 
quite advanced in absolute positions as well as being relatively fronter (more ad-
vanced) than her /3/'s (K) in the transcription data of Figure 5.17. Speaker 9's 
/u/'s, on the other hand, are more retracted and not too far away from his /uj's (I) 
in Figure 5.18. The corresponding acoustic data show the same relative patterns. 
Speaker 3's /u/'s are in front of her /3/'s in Figure 5.19 but speaker 9's /u/'s are 
slightly more retracted than his /3/'s in Figure 5.20. The separation between the 
two speakers' /u/'s may seem less clear in the formant space than in the phonetic 
space; however, if the positions they occupy in the whole vowel system are compared, 
it will become clearer that the two vowel clusters are distinctly separated even in 
the formant space. Note, for example, that both /u/'s and /3/'s of Speaker 3 can 
be acoustically grouped together with the front vowels (Figure 5.19); their F2's are 
about the same as those of /re/'s (D) and are proximal to /e/'s (C). Speaker 9's 
/u/'s and /3/'s (Figure 5.20) are located significantly further back and away from 
the four front vowels, and their F2 values are closer to the levels of those of the open 
vowels /a/ (E) and /A/ (F). 
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Figure 5.17: Transcription centroids for Speaker 3. The symbols are: A for (the 
vowel in} "heed", B for "hid", C for "head", D for "had", E for "hard", F for 
"hud", G for "hod", H for "horde", I for ''hood", J for "who'd", and/( for "herd". 
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Figure 5.18: Transcription centroids for Speaker 9. The symbols are: A for (the 
vowel in) "heed", B for "hid", C for "head", D for "had", E for "hard", F for 
"hud" G +or "hod" H +or "horde" I +or "hood" J +or "who'd" and I< +or "herd" 
' J' ' J' ' J' ' J' ' J' • 
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Figure 5.19: Vowel formant data for Speaker 3 in the F2/F1 space. F2 is on the 
x-axis and Fl on the y-axis. The origin is towards the top right corner so that 
the vowel system is shown in the same orientation as in the phonetic data in the 
previous figures. Since the relative positions of the vowels are in question, absolute 
formant values are omitted. The symbols {shown upside down) are: A for {the vowel 
in) "heed", B for "hid", C for "head", D for ''had", E for ''hard", F for "hud", G 
for ''hod", H for "horde", I for "hood", J for "who'd", and/( for "herd". 
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Figure 5.20: Vowel formant data for Speaker 9 in the F2/F1 space. The symbols 
{shown upside down) are: A for {the vowel in) "heed", B for "hid", C for ''head", 
D for ''had", E for ''hard", F for "hud", G for "hod", H for ''horde", I for ''hood", 
J for "who'd", and K for ''herd". 
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The fact that the bi-modal distribution is indicative of the existence of two 
groups of speakers is also verified in the vowel elimination data in Table 5.2 which 
show a clear trend that, after a phonetic screening by one-third cardinal distance, 
speakers have largely either kept most of their /u/'s or lost most of them. 
All 594 transcription centroids before phonetic screening are displayed in Fig-
ure 5.14. The next diagram, Figure 5.15, reveals the remaining vowels after pho-
netic screening by one-half cardinal distance, and the third diagram of this series, 
Figure 5.16, shows the remaining vowels after phonetic screening using one-third 
cardinal distance. 
Out of 594 vowels (represented by 594 transcription centroids), 61 items were 
removed by the one-half cardinal distance screening, and 125 items were removed 
by the one-third cardinal distance screening. The survival rate was 90% after the 
one-half cardinal distance screening, and 79% after the one-third cardinal distance 
screening. On the consideration that the aims of the present study-investigation of 
non-uniform residual inter-speaker variation after the removal of phonetic variation 
and assessment of the impact of phonetic control-would be better served by the 
more rigorously controlled data, despite the more acute depletion of the data, the 
results of the screening by one-third cardinal distance were adopted as the final 
outcome of the present phonetic control exercise. 
The individual attrition rates after the phonetic control by one-third cardinal 
distance are shown in Table 5.2, where the numbers indicate the vowel tokens elim-
inated. Each speaker originally had six vowel tokens for each vowel category so the 
tally of six indicates that, after phonetic control, the given speaker is not repre-
sented at all in that vowel category. From the data provided, it can be seen that 
each speaker category is represented sufficiently well in almost all vowel categories. 
A noticeable exception is the vowel /u/ in the child category which had no survivors. 
There were heavy losses in the vowels /u/ and /n/ in the female category, and in 
the vowel /n/ in the male category, but the numbers of survivors were sufficient 
at least to make inter-speaker comparisons feasible. Nevertheless, the fact that the 
vowels /u/ and /n/ are represented by sharply reduced samples should be noted 
when comparisons are made involving these vowels. 
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Table 5.2: Attrition Rates after Phonetic Control by One-Third Cardinal Distance 
Part 1: Individual Attrition Rates after 1/3 Cardinal Distance Phonetic Control 
SPl SP2 SP3 SP4 SPS SP6 SP7 SP8 SP9 Total 
i 1 1 
I 2 3 1 3 2 1 1 13 
E I 1 31 4 
(ti). 2 2 4 
a 1 1 2 
A 1 2 3 3 9 
0 2 1 2 6 6 5 1 4 27 
0 1 1 2 
u 3 1 4 1 3 1 2 1 3 19 
u 6 6 6 6 5 1 2 4 36 
3 3 1 2 2 8 
All I 17 12 17 8 25 19 8 8 11 125 Vowels 
Part 2: Attrition Rates for Each Speaker Category 
Children Females Males Total 
i 1 1 
I 5 7 1 13 
E 4 4 
(@ 4 4 
a 2 2 
/\ I 1 5 3 9 
0 2 15 10 27 
0 1 1 2 
u I 4 9 6 19 
u 12 17 7 36 
3 4 4 8 
All 29 69 27 125 
Vowels 
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Brief comments on the reliability of 'nasality' and 'lip-rounding' assessments 
have to be made. Assessment of 'nasality' was a difficult task. Although it was 
not difficult to identify heavily nasalised samples, it was particularly difficult to 
discern moderately nasalised samples with any degree of reliability. To supplement 
this deficiency in reliability, acoustic criteria will be employed in Chapter 6 as a 
post-phonetic control procedure to identify nasalised vowels, and to removed them 
from data if measured formant frequencies were judged to have been influenced by 
nasal coupling. 
Theoretically, 'openness', 'frontness' and 'roundedness' are three independent 
variables in phonetic judgement and transcription. In practice, however, Ladefoged 
(1967) found in his experiment involving natural Gaelic vowels that the judgement 
of lip-position (ro~nding) was tied to the judgement of the vowel location in the two 
dimensional vowel space, and was therefore not an entirely independent variable. 
Laver (1965), whose stimuli were synthetic vowels, on the other hand, found that 
the lip-position was largely a free variable, while a small number of exceptions were 
noted. In the present experiment, it was felt that a given vowel quality could not 
always be resolved with certainty into the quanta of the perceptual dimension of 
roundedness and that of frontness. For instance, any intermediate vowels in the 
continuum from the rounded high front vowel to the unrounded high back vowel 
could not be transcribed with certainty in respect of the specification of lip-rounding. 
This problem seems to support the conclusion of Ladefoged (1967) that suggests that 
"this feature [roundedness] of vowel-quality is not easy to assess in auditory terms 
alone". 
5.6 Conclusion 
This chapter has described the methodology and the operational details of the pho-
netic control exercise performed for the purpose of obtaining an acoustic database 
which is objectively controlled for phonetic homogeneity. Part of the purpose of this 
chapter was to describe and justify a phonetic control paradigm which could well 
prove to be a useful method for other similar tasks requiring strict phonetic con-
trol. For the present study, all the acoustic samples of the vowels that passed this 
rigorous control procedure are regarded to be phonetically homogeneous, and are 
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therefore suitable for further processing involving uniform transformations in Chap-
ter 7 and analysis of non-uniform inter-speaker variation in Chapter 8. However, 
before moving onto these stages, the methods of the acoustic analysis including for-





This chapter describes the operations and the results of acoustic analysis performed 
on the 594 digitised vowel samples of the Adelaide Family database. LPC techniques 
(Markel and Gray 1976) were used for extracting formants. Extracted formants were 
measured at a single target per vowel sample. Efforts were made to minimise the 
analysis and measurement errors which would be potent sources of variation in the 
measured formant frequencies as mentioned in Section 3.2. The individual sources 
of variation in question are (i) LPC analysis artefacts, (ii) formant tracking errors, 
and (iii) measurement at non-equivalent locations. The measures taken to minimise 
these sources of variation are described in the following sections. 
6.2 Analysis Procedure 
To facilitate identification and management of individual repetition samples through-
out the experiment, the acoustic database was organised in the following manner. 
The 594 samples were divided into six (repetition) sets, and a unique file number 
was assigned to each of the 99 vowels in each set. All six repetitions of a given 
vowel by a given speaker were assigned the same number across the six sets. The 
six repetition sets were placed in separate 'directories' so as to avoid the possible 
confusion which may arise from each of the six repetition tokens sharing the same 
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number code. Sets 1 to 3 contained tokens from the phonetically contiguous order 
context and sets 4 to 6 contained tokens from the phonetically contrastive order 
context (cf. Section 4.6). 
6.2.1 LPC Analysis 
All-pole linear prediction analysis (Markel and Gray 1976) was performed (order 
14 for male samples and 12 for female and child samples were adopted as a gen-
eral strategy) on the 594 vowel samples. A Hamming window was used, and the 
preemphasis value for adjusting the spectral slope was 98%. 
The use of an inappropriate order of analysis filter coefficients is the primary 
cause of LPC analysis artefacts mentioned in Section 3.2 among the sources of 
measured formant frequency variation. The generally shorter vocal tract lengths of 
female and child speakers as compared with those of average adult male speakers 
result in their having fewer formants in a given frequency range. In the range of 0 to 
5 kHz used in the present analysis, adult males are expected to have five formants 
(a typical adult male vocal-tract of 17.5 cm, if it is considered to be a uniform tube 
closed at one end, has formants at 500 Hz, 1500 Hz, 2500 Hz, 3500 Hz, and 4500 Hz) 
while female and child speakers are expected to have four formants. To accommodate 
this difference, the order of analysis filter coefficients must be lowered (usually by 
two) for female and child voices; otherwise spurious formants would result. The 
usual order used for obtaining five formants is 12, but an extensive preliminary test 
proved this to be unsatisfactory: the main problem was that two close steady-state 
formants were not separated while a spurious formant peak was resolved elsewhere1. 
Various other order numbers were tested, and the best results were obtained with 
the order of 14 for male samples and 12 for female and child samples. All 594 
samples were analysed using these orders of analysis filter coefficients, but it was 
often necessary to perform additional analysis using a higher or lower order value in 
order to improve the accuracy of formant definition and extraction. 
FO was extracted by a cepstrally based periodicity estimation method. All anal-
1Such an observation as this one about two proximal formants being the expected 'true' formants 
is based on an acoustic phonetic theory which stipulates that a given articulatory configuration 
will result in a particular formant pattern. 
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ysis steps including the setting up of the analysis parameters, inserting appropriate 
data labels in file headers, autoregressive linear prediction analysis, FO extraction, 
FFT analysis, and initial formant tracking with smoothing, were performed with a 
signal processing software package (Interactive Laboratory System (ILS) by Signal 
Technology, Inc.). Several programs were developed within the ILS environment 
either to enhance the features of the programs provided or to redress their short-
comings; two such programs are described in the following section. 
6.2.2 Formant Extraction 
Formants were extracted by first calculating the spectral peaks (which are formant 
candidates) by performing an FFT analysis on the autoregressive coefficients which 
were obtained from the reflection coefficients for each frame of the sample, and 
then performing formant tracking, which finally determined which spectral peaks 
were formants. If formant patterns were grossly different from those predicted by 
acoustic phonetic theories, a supplementary method was employed which obtained 
formant frequencies and bandwidths by inverse filter polynomial root-solving. The 
reason the latter method was not generally employed was because it required a 
considerably longer processing time-an important factor when a very large number 
of samples are involved. 
The performance of the formant tracking program provided in the ILS software 
package proved to be totally unsatisfactory. It frequently missed obvious formant 
tracks, or suddenly changed tracking paths by jumping up or down to an adjacent 
track (cf., footnote at the end of Chapter 1). The effect of formant tracking errors 
(which involve misassignment of formant numbers to peak frequencies) on the vari-
ation in measured formant frequencies is obviously so large that the data containing 
formant tracking errors are practically useless for further processing. A decisive 
remedy was required to ensure accurate formant tracking. 
One of the possibilities was to implement a published formant tracking algo-
rithm which was claimed to be effective-such as the algorithm proposed by McCan-
dless (1974). One of the features of McCandless' formant tracking algorithm was 
to find an "anchor point" in a voiced segment, where formants were most likely to 
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be "correct" and to track forward and backward from that point. The McCandless 
algorithm was implemented by a colleague, but the sample results obtained from 
the present database proved to be unsatisfactory. The failure may not have dis-
credited the formant tracker itself; it is more likely that it illustrates the particular 
problems inherent in typical Australian English data, in which nasality in vowels is 
fairly pervasive and some formants are not defined well enough, owing to pole-zero 
interactions, to be tracked successfully. 
It was subsequently decided to develop an algorithm specifically to meet the 
requirements of the current project, which would operate in the formant tracking 
program environment of the ILS software, which tracks formants in a left-to-right 
direction (or forward direction in time). 
The two major problems with the original standard ILS formant tracker were: 
a fixed range for expected F4, and an algorithmic weakness in seeking continuity. 
In the original formant tracker, if a peak was found in the range of 3000 Hz to 
4000 Hz, it was automatically regarded as an F4 candidate, and other peaks in lower 
frequency ranges were regarded as Fl, F2 and F3 following a set of decision-making 
rules. Now, there were many samples, particularly from females and children, whose 
F3's were in the 3000 Hz to 4000 Hz range. The formant tracking program tracked 
these as F4, and consequently made erroneous assignments for Fl, F2 and F3. In 
the improved formant tracking algorithm, the range for F4 was made adaptable to 
each speaker by adjusting the range on the basis of the speaker's FO. The weakness 
in seeking continuity in the original program was apparent when spectral peaks 
diverged, typically when an extra peak suddenly appeared between the Fl and F2 
traces. The program, which had been tracking F2 up to that point would give 
up following the continuous path, and track the lower peak in preference to the 
higher, original peak, even though the higher peak was more continuous with the 
previous F2 trace. This continuity breakage problem was due to a logical error in 
the algorithm, and was solved by appropriate corrections to the algorithm. Most of 
the formant tracking errors were removed after these improvements. 
In order to eliminate the remaining formant tracking errors, another program 
was written the purpose of which was to allow the user to modify interactively the 
result of a formant tracking. An erroneously tracked formant was located by a 
139 
cross-hair cursor, and after its position was recorded, the cross-hair was moved up 
or down to the correct formant peak position, and the new formant frequency value 
was registered to replace the erroneous value. 
In a few cases, the formant tracker produced erroneous results because of pole-
zero interactions in nasalised vowels. Essentially, this problem points to the inability 
of the all-pole LPG analysis to model pole-zero interactions rather than the defi-
ciencies of any formant tracking system. The treatment of such cases was left to an 
acoustic phonetic examination following phonetic control, which determined whether 
they should be retained in the data or not. This examination process is described 
in the last section of this chapter. 
6.2.3 Location of Formant Measurement Targets 
The frequencies of the first four formants were measured at a single target for each 
vowel token. The target location was selected using the following criteria. 
1. Determine appropriate element of the vocalic nucleus if diphthongisation was 
present; 
2. Eliminate regions below an energy threshold and regions of apparent coartic-
ulatory transition into the following / d/; 
3. IF "first two formants have a steady state", 
THEN "select target during that time"; 
ELSE IF "Fl contour has a maximum", 
THEN "select target at Fl maximum location"; 
ELSE "select target at F2 minimum location". 
This strategy was used to ensure that all tokens for a particular vowel category 
were measured at equivalent locations. 
The measurement targets for diphthongised vocalic nuclei, namely /i/ and /u/ 
had to be determined in view of the following considerations. The most important 
140 
constraint was that the targets chosen for a given diphthongal vowel category had 
to be all in the same element of the diphthong; otherwise the formant data would 
not be equivalent in terms of their temporal measurement points. 
For /u/, the selected measurement target was in the first element of the diph-
thong as /u/ (in the eve context, where the final consonant is not a lateral) in 
South Australian English is often a forward-gliding off-glide (with the first element 
having a longer duration). 
For /i/, the measurement location was chosen in the second element of the 
diphthong. /i/ in this variety of English is realised as an on-glide, and the first 
element of the diphthong is often variable across speakers. The only disadvantage 
in the choice of the second element of a diphthong is that the measurement target is 
rather close to the following alveolar consonant, and the transition of the formants 
into the consonantal loci might come into play. As can be seen in the spectrographic 
results in Appendix A, however, F2 transition into the following consonant was 
usually marked by a downward movement after reaching a maximum (often a steady-
state), and the formant measurement target was chosen at the F2 maximum. 
6.3 Results of Acoustic Analysis and Incorpora-
tion of Phonetic Control 
The results of spectral analysis and formant tracking are provided in full detail in 
Appendix A. The original spectrograms used for inspecting the details of formant 
tracking, nasalisation and target selection were much larger-full-page size each-
to ensure accuracy, but here in this volume, the size of each spectrogram has been 
greatly reduced, especially in the horizontal dimension, in order that all of the 594 
spectrograms could be presented. 
Numerical data for the first four formant frequencies are provided in Appendix 
B. The data are arranged by speaker, with the six repetitions of each word grouped 
together. Each repetition contains the following information: the first four formant 
frequencies followed by the fundamental frequency, the word identifier, the speaker 
identifier, the file identifier, the frame number indicating the measurement target 
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location (this may not seem very useful in the reduced frame resolution of Appendix 
A; however, given that each display window contains 100 frames, an approximate 
location can still be estimated by regarding the frame number as the percentage 
value from the left edge of each window), the LPC order, and the bandwidths of 
the first four formants. Formants with zero bandwidth values indicate that their 
best formant tracking results were erroneous and manual correction had to be made 
using the method described in the previous section. 
The data presented in Appendices A and B represent the main acoustic analysis 
data for the Adelaide Family Data prior to phonetic screening. The result of the 
phonetic control procedure described in Chapter 5 was then used to remove the 
formant data items that were judged to be phonetically variant. 
A further screening was conducted also from acoustic phonetic considerations. 
A number of samples were found to contain vowels which were nasalised to varying 
degrees. The following strategy was adopted to deal with these cases. 
(1) Examine all spectrograms of samples marked as "nasalised" during 
the phonetic control procedure. 
(2) Examine all spectrograms for signs of unusually low Fl, high Fl, and 
broad Fl bandwidth. 
If nasality is identified, consider one of the following options: 
(i) Estimate "centre of gravity" (Chistovich and Lublinskaya 
1979) instead of Fl; or 
(ii) Discard the data. 
Questions have been raised in the literature (cf., Beddor and Hawkins 1984) 
concerning the effect of the "centre of gravity". Also, perhaps more importantly, 
the action to modify formant values at this stage in such a manner, however well mo-
tivated it may be, is tantamount to performing an auditorily based pre-processing 
of the data before the various normalisations to be tested are engaged, and it is 
undesirable to commit the data in a certain direction of pre-processing from the 
perspective that such an action should belong to the domain of normalisation. A 
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possible counter-argument to this is that the "centre of gravity" may later become 
inaccessible in some cases where the data have been reduced to a simple set of for-
mant frequency values. In the end, it was judged that the consideration to keep the 
formant data at the pre-auditory stage of acoustic specification is paramount, since 
many normalisation procedures presuppose purely acoustically defined formants. 
Another more practical consideration was that the overall reliability of the formant 
data should not be jeopardised by the inclusion of data items that have any possibil-
ity of inaccuracy; it is pointless to have a rigorous phonetic control paradigm if the 
formant data of the carefully phonetically controlled samples are unreliable. It was, 
therefore, decided that the data items with such properties should be discarded. 
The average Fl and F2 values for each speaker, after phonetic control and 
further screening by acoustic criteria above, are provided in Table 6.1. Missing data 
items generally indicate that there were no surviving repetition tokens left after 
phonetic control. They may also indicate that there were no survivors left as a result 
of the further acoustic-phonetic examination mentioned above. This is exemplified 
by the missing Fl data for the three open vowels of Speaker 3. All the repetition 
tokens of these three vowels which survived the phonetic control of Chapter 5 were 
found to have marked signs of nasalisation-outstandingly low Fl and relatively 
broader bandwidth; consequently, it was decided that these Fl frequency values 
were not comparable with the rest and they were discarded. There was no obvious 
necessity to eliminate the F2 data of the same vowels. 
The data presented in Table 6.1 are, within the limitations of the reliability 
of the phonetic screening method and its criteria, now regarded as phonetically 
homogeneous, and they are used in the following two chapters for the study of the 
nature of uniform and non-uniform inter-speaker variation in formants. 
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Table 6.1: Average Fl and F2 Data for Each Speaker after Phonetic Control 
Average Fl values after phonetic control: 
SPl SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 
1 /ii 405. 340. 352. 379. 354. 347. 300. 300. 289. 
2 /IJ 445. 461. 4SO. 438. 462. 450. 368. 381. 319. 
3 IE/ S43. sos. S47. 471. S23. 492. 467. Sl8. 440. 
4 /@) 73S. 810. 766. 812. 749. 616. 68S. 669. 
5 /a/ 91S. 923. 983. 92S. 914. 773. 712. 734. 
6 /"/ 813. 852. 920. 89S. 829. 714. 702. 781. 
7 /0/ 676. 6S2. 696. 681. 622. S48. 553. 
8 Joi S29. 468. 469. 406. 462. 4S9. 421. 403. 394. 
9 IU/ 466. 460. 47S. 421. 444. 458. 3S8. 387. 314. 
10/u/ 390. 450. 3S3. 387. 313. 
11 /3/ 538. S25. 482. 480. 516. 503. 461. 484. 456. 
Average F2 values after phonetic control 
SPl SP2 SP3 SP4 SPS SP6 SP7 SP8 SP9 
1 /ii 2947. 3082. 2904. 2794. 2910. 2645. 2487. 2465. 2581. 
2 /IJ 2762. 2894. 2759. 2623. 2816. 2532. 2279. 2169. 2446. 
3 IE/ 2418. 2600. 2376. 2473. 2671. 2365. 2147. 1994. 2377. 
4 /@) 2048. 2229. 2112. 2146. 2261. 2053. 1885. 1798. 2140. 
5 /a/ 1508. 1514. 1583. 1562. 1607. 1693. 1364. 1188. 1257. 
6 l"I 1627. 1621. 1610. 1567. 1574. 1674. 1317. 1240. 1342. 
7 /0/ 1164. 1046. 1229. 977. 927. 802. 843. 
8 Joi 916. 837. 833. 763. 782. 919. 740. 679. S96. 
9 IU/ 1068. 967. 1224. 877. 907. 1110. 996. 8S8. 708. 
10 /u/ 1764. 1824. 1646. 1484. 1S30. 
11 /3/ 2034. 2168. 2015. 1836. 2108. 1882. 1603. 1513. 1603. 




Uniform Transformations and 
Their Residual Variations 
7.1 Introduction 
Following the current strategy for normalisation research (see the schematic diagram 
in Figure 3.2), a phonetically stable initial vowel database was acquired (Chapter 4). 
Chapter 5 established justifiable methodologies for phonetic control, which was ap-
plied to the above database. In this chapter, the measured formant data from the 
phonetically controlled database, derived from 594 vowel samples spoken by adult 
males, adult females, and children, were uniformly transformed using various scaling 
factors derived from averaged acoustic features or from anatomical features. 
The effectiveness of these transformations as a first-stage normalisation proce-
dure is evaluated, and the residual inter-speaker variation is discussed. 
7 .2 Uniform Transformations 
Parameters used for the uniform transformations of the first two formant frequencies 
were (1) F3 average, (2) F4 average, (3) FO average, (4) Fl average and F2 average, 
and (5) photographically inferred anatomical size. F3 average over open vowels was 
used by Nordstrom and Lindblom (1975) in their uniform normalisation, the use 
of F4 average was suggested by Ladefoged (1975), and the use of FO average was 
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motivated by the claim that the tonotopical distance between FO (Bark) and Fl 
(Bark) is constant for a given degree of openness (Traunmiiller 1981). The use of Fl 
average and F2 average (i.e., "HOSMEA" procedure described in Section 2.2.4.3) is 
unreported in the literature, but it would be essentially the same process as Nearey's 
log-mean method under the Constant Log Interval Hypothesis 2, if it were performed 
in the log domain (Nearey 1978). (5) is an experimental attempt at an inference of 
the vocal tract length through a direct measurement of visible anatomical features. 
(1) through (4) were obtained by straightforward calculations from the available 
acoustic data. (5) posed difficulty. Profile photographs were used to estimate the 
length of the vocal tract for each speaker, but the estimation of the location of 
the glottis by this method was not reliable even though the subjects' heads were 
held level and their jaws closed. An alternative anatomical measurement which can 
be made more reliably and is less susceptible to change of facial expression, is the 
measurement of the distance between the side edge of the eye and the bottom of the 
chin in a straight vertical line (provided the subject's jaw is closed). 
The uniform transformations were performed by the following equation: 
Fn = F/Pi 
where 
Fn =normalised formant frequency, 
F = raw formant frequency, 
Pi = parameter value for speaker i. 
(7.1) 
A more conventional method of uniform transformation is expressed as follows. 
Fnn = F/SF (7.2) 
where 
SF= Pd Pref= scale factor, 
Pref= parameter value for the reference speaker, 
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Fnn = normalised formant frequency. 
It can be seen that the relationship between the two methods is as follows: 
Fnn = Fn * Pref. (7.3) 
As Pref is a constant for a given transform parameter, Fnn is a linearly ex-
panded version of Fn. In fact, once Fn has been obtained, the reference speaker (the 
speaker, real or idealised, to whom all the data are normalised) can be arbitrarily 
selected. 
The transformation using FO average was performed in the Bark domain. The 
equation by Traunmiiller (1983), given below, was used for the Hz to Bark conver-
sion, which was demonstrated by him to be accurate to plus or minus 0.05 Bark 
for 200 Hz ::::; f ::::; 6700 Hz. This equation produced a more accurate simulation of 
Zwicker's (1961) critical-band measurement data than the often-used equation by 
Schroeder et al. (1979), which is shown in Eq. 2.22. 
z = 26.81! /(1960 + f) - 0.53 (7.4) 
7.3 Evaluation of Uniform Normalisation Pro-
cess 
The effectiveness of each of the uniform transformations was evaluated in two stages. 
(1) Because of the presence of non-uniform elements of variation in the data, 
the results of the uniform transformations are not expected to have zero variance. If 
it is assumed that the goal of uniform normalisation is the maximal removal of the 
uniformly varying elements from the data, it is valid to regard the maximal reduc-
tion in the residual variance as the criterion for evaluating the uniform processes. 
Hence the first stage is to compute the reduction in variance due to each uniform 
transformation (Table 7.1). This is expressed as the ratio of the standard deviation 
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of the residual variance to the mean of the residual variance, otherwise known as its 
coefficient of variation. 
Table 7.1: Mean reduction in coefficient of variation after uniform transformation. 
Parameters Fl Parameters F2 
Fl average 38.93 F2 average 47.33 
Anatomical 34.13 Anatomical 37.33 
F4 average 29.83 F3 average 36.63 
F3 average 19.13 FO average 35.53 
FO average 5.03 F4 average 31.03 
The most effective transforming parameter in stage 1 in terms of the mean 
reduction of the coefficient of variation in the residual variance was the Fl average 
for Fl, and the F2 average for F2 with mean reduction rates of 38.93 and 47.33 
respectively (Table 7.1). This result might have been expected as these parameter 
values are intrinsic to the formant data concerned. 
It is noteworthy that the relatively ad hoc measurement of anatomical size 
yielded a result which compares favourably with all the other extrinsic parameters. 
It is also interesting to note that the reductions achieved by the F3 and F4 pa-
rameters seem related to their proximity to the formant 'being normalised. The F4 
parameter has an almost identical effect on Fl and F2 of approximately 303. F3 
has a significantly stronger effect on F2 variance than on Fl variance. The opposite 
is true of FO which reduces F2 variance more than seven times as much as it reduces 
Fl variance. The underlying reason for this pattern of variance that is global to all 
vowels needs further study by examining the influence of subgroups of the speakers. 
(2) Explanations are sought for each of the residual variance patterns after 
uniform transformation. If there is a satisfactory model for the residual, that 
uniform-transform/residual-model pair is a candidate for a full description of the 
inter-speaker variation. If no plausible explanation can be found for the residual 
pattern, the uniform normalisation by the particular parameter does not lead to a 
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substantive understanding of the acoustic-phonetics of the vowel quality within the 
speakers sampled. 
At the present time some initial observations of the vowel dependent features 
of the coefficient of variation data (Figures 7.1 and 7.2) are presented. It should 
be noted that smoothly changing variance values across the phonetically contiguous 
vowel space indicate the prospect of phonetically interpretable factors within the 
residual variance following the uniform transformations. 
There are two vowel categories, /e/ and /3/, whose relatively small variance in 
the raw Fl data is not markedly reduced (Figure 7.1). FO is seen actually to increase 
the variance for these vowels. The major reason for this phenomenon is that, after 
most of the uniform normalisations, the data of the child and female group for these 
vowels were over-rescaled, and the relative positions of this group and the male adult 
group on the formant frequency scale were reversed. It is interesting to note that 
the two vowels concerned are both mid vowels which are in the same general Fl 
range. 
Generally steadier patterns of reduction across the contiguous vowel categories 
are seen for F2 than for Fl (Figure 7.2). One exception is /re/, whose relatively 
small variance in the raw data is not reduced by three of the parameters. The only 
external parameter that had any significant effect in reducing the variance for this 
vowel is F3. F3 appears to have the most consistent effect in variance reduction 
across all vowel categories. Low vowels and non-front vowels show particularly good 
reduction in variance except for /u/ for which the reduction is moderate. 
7.4 Concluding Discussion 
This chapter has quantified performance differences of a variety of uniform normali-
sation parameters suggested in the literature, and has indicated some directions for 
establishing a substantially complete two-stage process of vowel normalisation. The 
existence of smoothly changing variances across the phonetically contiguous vowel 
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Figure 7.1: Coefficient of variation of normalised Fl values for all speakers for each 
normalisation parameter and for each set of phonetically homogeneous vowels. Line 
types are as follows: raw data = solid; anatomical = dashed; F3 = dotted; F4 -
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One possible reason for the absence of more consistent patterns of residual varia-
tions is that all three speaker categories were included in the calculation of variances. 
If the nature of residual non-uniformity between the child category and the male cat-
egory is substantially different from that between the female category and the male 
category, as is quite possible from the difference in vocal-tract proportionality, the 
combined data will not present a pattern of variance that can be meaningfully mod-
elled. It is therefore necessary to examine the non-uniform relationships between 
individual speaker categories more closely. In the following chapter, the nature of 
non-uniform varaition between individual speaker categories is analysed in detail. 
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Chapter 8 
Nature of Non-Uniform 
Inter-Speaker Variation 
8.1 Introduction 
This chapter analyses aspects of non-uniform inter-speaker formant variation ob-
served in the phonetically controlled Adelaide family data. The impact of phonetic 
control is also discussed, comparing the differences in non-uniform scaling factors 
between the data before and after the application of fine phonetic control. The 
comparison is extended to the published non-uniform scaling factor data of Fant 
(1975), which are phonetically unscreened. 
8.2 Non-Uniform Scaling Factors 
8.2.1 General Description of K Factors 
Fant's 'k factors' (Fant 1975) were designed to capture universal tendencies of female 
vowel formant values to depart from male formant averages expressed as percentage 
values for each vowel category. They were empirically derived from a collection of 
pre-existing vowel formant data from different languages, and formed the basis for 
his 'non-uniform vowel normalisation' technique, where they were used as rescaling 
factors. K factors were derived from the phonetically controlled Adelaide family 
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data with the averages of the formant frequencies of the three male speakers as the 
reference values. 
8.2.2 K Factors from the Present Data and Comparison 
with Fant's Data 
Tables 8.1 and 8.2 show k factors for the first and second formants (kl and k2) 
derived from the present Adelaide family data after phonetic control. The missing 
data items in the children's columns indicate that there were no surviving tokens 
after phonetic control for the vowel category /u/. The k factors derived by Fant 
(1975) are included in the right columns for comparison. The missing data items in 
Fant's columns indicate that no phonetically equivalent vowels were found in Fant's 
data. 
The tabulated information is plotted in Figures 8.1 and 8.2 together with the 
kl and k2 factors derived from the present data before phonetic control. 
Caution needs to be exercised in any cross-language comparison regarding the 
phonetic equivalence of vowels sharing the same phonetic symbol. The correspon-
dence of vowels between the present data and Fant's collection is only approximate; 
ju/ of the present data and its counterpart in Fant's data, for instance, are likely 
to be divergent as the former is a more advanced (centralised) vowel in the present 
speakers' variety of English. 
Significantly different patterns of k factors were obtained between the present 
data and Fant's data. 
In Table 8.1 and Figure 8.1, the most obvious difference between the present 
data (females) and Fant's data is that the high vowels (/i/, /1/, /a/, /u/ and /u/) 
from the present data show much higher k values than those from Fant's data. 
The kl factors obtained from the present data are generally higher (mean kl 
value at 20 for both female and children) than those from Fant's data (mean kl 
value at 14). 
154 
Table 8.1: 'kl factors' in Phonetically Controlled Adelaide Family Data 
kl (Children) kl (Females) kl (Females: Fant 1975) 
1 26.0 20.9 7 
I 27.2 26.4 11 
e 10.3 6.9 19 
re 17.7 18.l 27 
a 24.2 27.2 25 
A 13.8 20.4 18 
'D 15.7 20.0 -
:> 22.9 24.6 11 
u 31.2 27.5 3 
u - 19.7 6 
3 13.9 6.0 -
Table 8.2: 'k2 factors' in Phonetically Controlled Adelaide Family Data 
k2 (Children) k2 (Females) k2 (Females: Fant 1975) 
1 20.l 12.0 21 
I 23.1 16.8 22 
e 15.5 13.7 18 
re 10.2 10.4 17 
a 19.0 26.9 15 
A 24.9 23.5 18 
'D 28.9 28.7 
-
:> 14.6 7.7 6 
u 19.2 20.6 12 
u - 15.5 1 
3 33.6 24.6 -
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In Table 8.2 and Figure 8.2, it is the nonfront vowels of the Adelaide family data 
that show much higher k values than those from Fant's data (with an exception of 
the phonetically controlled/;,/ for female speakers). All four front vowels of female 
speakers show consistently lower k values than those from Fant's data. 
Average k3 factors for the current data were 17.3 for children and 10. 0 for 
females. Fant 's average k3 value was 17 for females. 
It may be argued that the large discrepancy between the two sets of data may 
be partially due to the diminished sample size of the present data after phonetic 
control. However, the attrition rates for most front vowels were low, and they still 
show marked differences from Fant's data. Even the vowels with higher attrition 
rates-/u/, /o/ and /u/-conform to the generally consistent patterns of k factors. 
The fact that the patterns are not critically different before and after phonetic 
control indicates that the observed large differences between the two data sets are 
not entirely artefacts of the diminished sample size of the present data. 
8.2.3 Characterisation of Observed Non-Uniform Inter-
Speaker Variation 
The smoothly varying k factor values across the phonetically contiguous vowel 
categories observed to some degree in Fant's data are not obtained in the present 
data (Figure 8.1 Top). If a trend such as the one in Fant's data had been discerned 
in the present data, scaling factors could have been described as a function of the 
first formant frequency. Instead, the obtained k factor pattern is relatively uniform 
for certain classes of vowels. The kl value is high at 20 or above for most vowels 
other than /e/, /re/ and /3/, which are mid vowels (which may also be regarded as 
non-quanta! vowels both acoustically and articulatorily). 
The trend above was sharpened after phonetic control which brought the kl 
factor value of the female /;,/ to the same level as that of its adjacent vowels (Fig-
ure 8.1 Top). 
A generally similar pattern is observed in the children's kl factors except for 
the lower values for /A/ and /o /. 
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Kl Factors: Females 
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I Before PC 
----
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Ellil After PC 
Figure 8.1: Kl factors derived from the Adelaide family data before and after pho-
netic control, shown together with data derived by Fant (1915). N.B. The zero values 
in Fant's data for /0/ and /3/ indicate absent data, which should be ignored. 
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Figure 8.2: K2 factors derived from the Adelaide family data before and after pho-
netic control, shown together with data derived by Fant (1975). N.B. The zero values 
in Fant's data for /0/ and /3/ indicate absent data, which should be ignored. 
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K2 factors are generally low for front vowels and high for non-front vowels. A 
notable exception is /a/ in both female and children's data after phonetic control, 
which is an extremely compact vowel acoustically. 
8.2.4 Comparison with K Factors Generated by Articula-
tory Models 
Since the discrepancy in k factor values between the present data and Fant 's data 
is so large, it seems appropriate to seek some independent data of different nature 
to evaluate the plausibility of the values of the current data. Goldstein (1980) has 
derived k factors from articulatory-model generated area functions approximating 
male and female vocal tracts. Her first model had area functions with equal constric-
tion areas for males and females, and her second model had area functions where 
constriction areas for females were 80% of those for males. When both the present 
data and Fant's data are plotted against Goldstein's k factor data thus derived 
(Figures 8.3 and 8.4), it is apparent that the k factors from the present data are 
generally in closer agreement with her estimates, especially from the second model, 
than those from Fant 's data. Some of the marked local differences observed in k 
factors between the present data and Goldstein's estimates-e.g., k2 for the high 
back vowel-may well be due to phonetic mismatch of the vowels involved. 
Here again, it must be emphasised that the vowel correspondences between the 
three data sources are only approximate. This and, more importantly, the fact that 
Fant's data are averages from several different languages are probably the reasons 
for his k factor patterns to be at variance with those of the other two sources. This 
consideration points to the recurrent theme in this thesis that the lack of control 
for phonetic equivalence within each vowel category (as is the case when averages 
are calculated from vowel data from multiple language sources) may underlie the 
observed pattern of non-uniform inter-speaker formant variation. For the present 
purpose, however, this comparison with Goldstein's data at least renders general 




































D Goldstein 80% 
Figure 8.3: Comparison of kl factors from this study (Adelaide Family Data), with 
those derived by Fant (1915) and estimations from two articulatory models by Gold-
stein (1980). The second Goldstein model has the constriction areas for female vocal 
tracts set at 80% of those for male vocal tracts, while the first model assumed equal 
constriction areas. The three-dimensional representation in the bottom diagram fa-












10 0 Goldstein SO% 
Figure 8.4: Comparison of k2 factors between those of this study (Adelaide Family 
Data), Fant {1975) and estimates from two articulatory models by Goldstein {1980). 
The three-dimensional representation in the bottom diagram facilitates comparison 
of general patterns. 
161 
8.2.5 Difference in Non-Uniformity Between Child and Fe-
male Speakers 
To address the point made at the end of Chapter 7 regarding possible differences 
in the nature of non-uniform scaling factor patterns for each speaker category, Ta-
bles 8.5 and 8.6 show the differences in k factor values between child and female 
speakers. 
As predicted, there are considerable differences between the k factor patterns of 
children and those of female speakers, even though there are similarities in the overall 
trends. While the non-uniformity in the k factor patterns, after phonetic control, 
indicate the differences in vocal tract proportionality between male speakers and the 
members of the two speaker categories represented here, the non-uniformity in the 
differences between the two categories themselves point to the fact that there are 
vocal tract proportionality differences between children and females as well. 
The effect of phonetic control on the vowel /-;,/ is clearly visible in both kl 
and k2 diagrams. The difference between the two speaker categories in the kl value 
of /-;,/ has been reduced after phonetic control. It is interesting to note that the 
same phonetic control has reduced the k2 factor values of this vowel in both speaker 
categories. 
Another interesting observation is that while the k3 values are usually higher 
for children, the trend is reversed in the k4 values of the majority of vowels. 
8.3 Impact of Phonetic Control 
If the impact of phonetic control is judged by whether or not a phonetically in-
terpretable, consistent pattern has emerged as a result of its application, then the 
general impact on the current data in general has to be regarded as not very signif-
icant, though there are isolated features which suggest that it has had some limited 
effect-e.g., raising of the /-;,/ kl (female) value to improve the overall consistency 
of the k factor pattern (Figure 8.1 ). 
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Figure 8.5: Comparison of kl and k2 factors between the child and female categories. 
Data both before and after phonetic control are shown. 
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Figure 8.6: Comparison of k3 and k4 factors between the child and female categories. 
Data before phonetic control only are shown. 
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However, it must be remembered that the final data have in fact undergone 
two levels of phonetic control: firstly via the sociolinguistically and demographically 
principled sampling, and secondly via the fine phonetic screening procedure de-
scribed in Chapter 5. The absence of any major impact of the fine phonetic control 
procedure could well be ascribed to the fairly high degree of phonetic homogeneity 
already present in the initial data prior to fine phonetic control. 
Ultimately, the large differences observed between Fant's k factor data and 
those of the present data may be interpreted as evidence of the impact of the two-
level phonetic control exercised in this study, though the effect of possible phonetic 
mismatch between the vowels of this study and those of Fant's study should not be 
ignored. 
8.4 Concluding Remark 
The lack of a major impact of fine phonetic control indicates that the effect of the 
small residual phonetic variation present in the initial data is not very significant. 
However, a comparison with data (Fant 1975) with a higher level of phonetic con-
tamination reveals that phonetic variation at this higher level is indeed a significant 




This chapter summarises principal results from the present study, suggests future 
research, and draws conclusions. 
9.1 Principal Results 
The following are the main achievements of the present study. 
• Critical evaluation of normalisation procedures showed that normalisations 
involving uniform transformations leave relatively large non-uniform residual 
variation, and that range procedures distort phonetic relationships in the data. 
These points were substantiated by evidence from previous evaluation studies. 
Consideration of the existing non-uniform normalisation method proposed by 
Fant (1975), on the other hand, raised the question of phonetic non-equivalence 
in the data used to derive the non-uniform inter-speaker scaling factors, which 
might weaken claims for the universal applicability of his method. From these 
observations, a need for a phonetically principled approach to normalisation 
research and especially a phonetically controlled database becomes apparent. 
• A phonetically constrained initial database was established. Consideration of 
sociolinguistic and demographic factors in the selection of speakers together 
with careful interview techniques ensured that possible dialectal, sociolectal, 
idiolectal and contextual variations were kept close to the lowest attainable 
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level in a natural interview setting. 
• A phonetically controlled database was established by the application of a rig-
orous phonetic control procedure to the initial phonetically constrained data. 
The procedure developed here could well prove to be a useful standard tech-
nique for other similar phonetic control tasks. Alongside the main task of 
acquiring a phonetically screened database, several informative results con-
cerning inter-transcriber and intra-transcriber transcription variations were 
obtained (cf. Chapter 5). A pilot study here revealed a large degree of over-
all disagreement among five transcribers, suggesting a necessity for the use of 
only highly trained transcribers. The study also illustrated the inadequacies 
of the conventional transcription method. Analysis of intra-transcriber tran-
scription variation in the main study showed that the variation levels in the 
transcriptions of the transcriber of this study were acceptable. 
• Analysis of the results of various uniform transformations on the phonetically 
controlled database identified the most effective uniform normalisation param-
eters which could be used in a first-stage normalisation. Systematic modelling 
of the overall non-uniform residual variation patterns remains a possibility. 
However, the existence of considerable differences in the non-uniform variation 
patterns between child-to-male and female-to-male scaling factors (cf. Chap-
ter 8) suggests that independent descriptions of non-uniform variation pat-
terns for each speaker category are a prerequisite for accurate modelling of 
non-uniform inter-speaker formant relationships. Additional data are required 
to achieve such modelling. 
• Analysis of non-uniform inter-speaker formant variations revealed a large dis-
crepancy between the patterns of non-uniform scaling factors of the current 
data and those of Fant (1975), indicating the significant impact of the com-
bined phonetic control effected by careful sampling and strict auditory screen-
ing. A reasonable presumption here is that the major part of the observed 
differences in these patterns occurred as a result of the different nature of 
the data sources (i.e., phonetically unscreened versus phonetically controlled); 
only small further differences were observed as a result of fine auditory pho-
netic control. 
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9.2 Directions for Future Research 
The current study demonstrated a significant reduction in phonetic variation as a 
result of careful sampling methods. A question of considerable interest is whether 
or not a comparable level of phonetic homogeneity can be obtained in the initial 
data if subjects are selected from a less controlled population. This question has 
practical implications since the range of constraints in this study is not always 
practicable. Data with a high level of phonetic variation from a population at large 
can be phonetically screened by using only the descriptions of a trained phonetician, 
and the residual phonetic variation can then be assessed either independently or by 
conducting a further fine phonetic screening. The results achieved in comparison 
with the current study will provide an indication of the extent to which care in 
sampling is a necessary accompaniment to phonetic description. 
A single expert transcriber was used in the present study, on the basis of prac-
tical considerations and earlier empirical results. An interesting follow-up to the 
present study would be to employ one or more other expert phoneticians and eval-
uate the extent to which previous findings of overall agreement between multiple 
transcriptions performed by different expert transcribers apply with the current 
database. 
It is tempting to speculate that the present set of non-uniform scaling factors 
obtained from the phonetically homogeneous data might be used in a non-uniform 
normalisation of vowel data. This hypothesis can be tested in a straightforward 
application of the current set of non-uniform scaling factors to some other vowel 
formant data-preferably in Australian English initially. Vowel correspondence be-
tween the data of this study and the test data would need to be checked closely and 
adjustments could be made by interpolation if necessary. 
The patterns of non-uniform inter-speaker formant variation observed in the 
present study have not yet been successfully modelled. Analysis herein suggests that 
such modelling will prove possible when better coverage of the vowel space, which 
has been necessarily limited in a single dialect study, is achieved by additional sets 
of non-uniform scaling factors independently derived from data from different lan-
guages, following the methods of the present study. It will be of interest to discover 
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whether the trends found in these future studies resemble those of the present study, 
are rather similar to those derived by Fant, or different altogether. Additional data 
providing better coverage of the vowel space will also help in clarifying the nature 
of the non-uniform variation differences between the child and female categories. 
The lack of a major impact of fine auditory phonetic control suggests that useful 
additional data can be acquired using a less rigorous procedure than that adopted 
in the present study. 
Our knowledge of non-uniform inter-speaker vowel formant relationships has 
hitherto been dependent on measurements derived from averaged data in which the 
question of phonetic equivalence is often overlooked. It will be an attractive alter-
native process to start building a collection of phonetically controlled non-uniform 
scaling factors in various languages in the expectation that global trends or patterns 
will emerge from that collection. 
9.3 Conclusions 
Comparison of the non-uniform inter-speaker formant variation data of the present 
study with those of Fant (1975) showed that phonetically homogeneous data from a 
single dialect can display significantly different patterns of non-uniform inter-speaker 
formant variation from those based on phonetically unscreened data aggregated from 
several languages. We can therefore conclude that considerable caution needs to 
be exercised in applying scaling parameters derived from phonetically unscreened 
aggregated data to single-dialect multi-speaker data. 
With the current data, application of fine auditory phonetic control had only 
limited impact on non-uniform inter-speaker formant variation. It was largely in 
the first stage of phonetic control via sampling methods (during the establishment 
of the initial data) that most of the phonetic variation of any major consequence 
was excluded. We can thus conclude that, for many applications where phonetic 
control is required, fine phonetic screening will not be necessary: use of strict dialec-
tological, sociolinguistic and demographic sampling criteria combined with reliable 
impressionistic descriptions by a phonetician will suffice. 
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Appendix A 
Spectrographic Data for Chapter 6 
Each display window shows waveform, energy envelope and FO contour, and 
spectrogram with formant tracking. Each page displays one repetition set of eleven 
words by one speaker. There are a total of 54 pages (9 speakers times 6 repetitions) 
displaying 594 spectrograms. 
Repetition sets are identified by a number following "AFD" in the ID box. The 
word identifier is located at the bottom left corner of the ID box. "SAXAC ... " is a 
speaker code, indicating, in this example, that the speaker is from Adelaide, South 
Australia, and "C" indicates a child. The speaker number is encoded in the first 
number following "WD"; e.g., WDlOO indicates Speaker 1. 
As with data in Appendix B, FO extraction was not always reliable. The FO 
value was often found to be one half of what it should be; see, for example, WD206 
and WD207 on page A-3. Usually, the correct FO can be obtained by doubling the 
frequency. 
To ensure that the whole data could be represented within the space limitation 
of this thesis volume, the size of individual spectrograms had to be greatly reduced 
from the original full-page size; consequently, some loss of detailed information was 
unavoidable in this reduction process. 
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Appendix B 
Individual Formant Data for Chapter 6 
The data are arranged by speaker, with the six repetitions of each word grouped 
together. The following information is provided for each repetition: the first four 
formant frequencies, the fundamental frequency, the word identifier, the speaker 
identifier (in brackets), the file identifier, the frame number at which the measure-
ment was made, the LPC order, and the bandwidths of the first four formants. 
Speaker identity is coded in the speaker identifier and the file identifier; see the 
explanatory notes to Appendix A for details. Actual measurement locations can be 
estimated on the spectrograms in Appendix A from the frame numbers by regarding 
them as percentage values from the left edge since each spectrogram contains 100 
frames. Zero bandwidth entries indicate manual formant-tracking correction. 
As with data in Appendix A, FO extraction was not always reliable. The FO 
value was often found to be one half of what it should be; see, for example, Speaker 
2's FO data on pages B-5. Usually, the correct FO can be obtained by doubling the 
frequency. 
B-1 







































4354 FO= 250 
201 
4279 FO= 250 
183 
4270 FO= 263 
236 
4193 FO= 227 
159 
4200 FO= 222 
223 








453 2785 3282 3983 FO= 217 HID 
137 207 266 266 
466 2725 3346 4151 FO= 244 HID 
117 172 244 384 
469 2658 3268 3974 FO= 250 HID 
114 130 231 222 
455 2884 3386 4177 FO= 222 HID 
130 122 300 200 
413 2760 3213 4128 FO= 217 HID 
156 173 391 146 
450 2777 3259 4123 FO= 238 HID 
151 162 195 165 
%%%%%%%%%% 
%%%%%%%%%% 
545 2527 3177 
135 238 193 
548 2454 3263 
129 215 225 
548 2370 3095 
135 172 217 
482 2339 3208 
143 206 174 
538 2350 3132 
132 141 181 
601 2469 3183 










































3985 FO= 238 HEAD 
317 
4183 FO= 238 HEAD 
387 
3975 FO= 244 HEAD 
277 
4029 FO= 233 HEAD 
189 
4004 FO= 217 HEAD 
201 
4063 FO= 213 HEAD 
220 
4083 FO= 227 
258 
4126 FO= 238 
142 
4228 FO= 233 
230 
4081 FO= 233 
188 
4016 FO= 222 
18 6 








3908 FO= 233 HARD 
179 
3720 FO= 233 HARD 
(SAXAC<AT 1) WD100 FRAME=61 m=l2 BW: 
(SAXAC<AT 1) WDlOO FRAME=54 m=l2 BW: 
(SAXAC<AT 1) WDlOO FRAME=53 m=l2 BW: 
(SAXAC<AT 1) WD106 FRAME=47 m=l2 BW: 
(SAXAC<AT 1) WD106 FRAME=60 m=12 BW: 
(SAXAC<AT 1) WD106 FRAME=56 m=l2 BW: 
(SAXAC<AT 1) WD101 FRAME=39 m=l2 BW: 
(SAXAC<AT 1) WD101 FRAME=47 m=12 BW: 
(SAXAC<AT 1) WD101 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD101 FRAME=37 m=12 BW: 
(SAXAC<AT 1) WD101 FRAME=35 m=l2 BW: 
(SAXAC<AT 1) WD101 FRAME=31 m=12 BW: 
(SAXAC<AT 1) WD102 FRAME=45 m=l2 BW: 
(SAXAC<AT 1) WD102 FRAME=53 m=l2 BW: 
(SAXAC<AT 1) WD102 FRAME=33 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=42 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=36 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=34 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=41 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=49 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=40 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=31 m=l2 BW: 
(SAXAC<AT 1) WD103 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD104 FRAME=44 m=l2 BW: 
(SAXAC<AT 1) WD104 FRAME=40 m=l4 BW: 
B-2 
214 122 160 214 
941 1564 2483 3828 FO= 233 HARD 
258 142 192 125 
884 1464 3188 3963 FO= 233 HARD 
213 182 215 151 
932 1567 3045 3896 FO= 238 HARD 
135 143 141 141 














































































4103 FO= 213 HUD 
206 
3808 FO= 227 HUD 
179 
3944 FO= 227 HUD 
237 
4155 FO= 222 HUD 
139 
3909 FO= 217 HUD 
158 
3890 FO= 204 HUD 
228 
3632 FO= 222 HOD 
193 
3720 FO= 233 HOD 
128 
3805 FO= 233 HOD 
119 
3676 FO= 227 HOD 
163 
3661 FO= 222 HOD 
190 
3771 FO= 213 HOD 
126 
3044 3965 FO= 217 
677 129 
HORDE 
2854 3931 FO= 222 
186 124 
2764 3888 FO= 227 
0 137 





625 998 - 2990 3816 FO= 217 HORDE 
112 183 267 267 
471 859 2776 3768 FO= 227 HORDE 










2987 3984 FO= 227 HOOD 
205 144 
2604 3901 FO= 238 HOOD 
441 129 
2954 4084 FO= 256 HOOD 
493 214 
2966 4161 FO= 256 HOOD 
(SAXAC<AT 1) WD104 FRAME=48 m=l2 BW: 
(SAXAC<AT 1) WDlOO FRAME=45 m=l2 BW: 
(SAXAC<AT 1) WDlOO FRAME=44 m=l2 BW: 
(SAXAC<AT 1) WDlOO FRAME=32 m=12 BW: 
(SAXAC<AT 1) WD105 FRAME=38 m=l2 BW: 
(SAXAC<AT 1) WD105 FRAME=41 m=l2 BW: 
(SAXAC<AT 1) WD105 FRAME=38 m=l2 BW: 
(SAXAC<AT 1) WD105 FRAME=33 m=12 BW: 
(SAXAC<AT 1) WD105 FRAME=40 m=12 BW: 
(SAXAC<AT 1) WD105 FRAME=35 m=l2 BW: 
(SAXAC<AT 1) WD106 FRAME=41 m=l2 BW: 
(SAXAC<AT 1) WD106 FRAME=39 m=l2 BW: 
(SAXAC<AT 1) WD106 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=43 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=60 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=38 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=42 m=l2 BW: 
(SAXAC<AT 1) WD107 FRAME=47 m=l2 BW: 
(SAXAC<AT 1) WD102 FRAME=45 m=12 BW: 
(SAXAC<AT 1) WD102 FRAME=27 m=l4 BW: 
(SAXAC<AT 1) WD102 FRAME=32 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=43 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=34 m=l2 BW: 
(SAXAC<AT 1) WD109 FRAME=37 m=12 BW: 
(SAXAC<AT 1) WDllO FRAME=48 m=l2 BW: 
B-3 
132 175 213 172 
464 952 2894 3983 FO= 227 HOOD 
122 446 151 146 
466 1073 2808 4148 FO= 227 HOOD 
118 215 148 160 
%%%%%%%%%% 
%%%%%%%%%% 
448 1954 2942 3737 FO= 222 WHO D 
139 130 300 164 
468 1993 2823 3779 FO= 238 WHO D 
111 176 194 111 
469 1958 2859 3869 FO= 244 WHO D 
114 138 176 141 
464 2027 2866 3823 FO= 227 WHO D 
121 121 179 179 
459 1950 2762 3745 FO= 222 WHO D 
125 123 273 127 
463 2026 2891 3819 FO= 227 WHO D 































2981 3873 FO= 217 HERD 
193 145 
2854 3985 FO= 227 HERD 
310 142 
2966 3823 FO= 227 HERD 
164 134 
2971 3966 FO= 238 HERD 
168 160 
2876 3906 FO= 227 HERD 
190 149 
2883 4000 FO= 222 HERD 
188 183 

























FO= 238 HEED 
FO= 256 HEED 
FO= 263 HEED 
FO= 111 HEED 
FO= 118 HEED 
FO= 233 HEED 
461 2957 3422 4283 FO= 227 HID 
123 175 156 409 
460 2909 3330 4535 FO= 238 HID 
134 196 223 361 
455 2825 3398 4415 FO= 238 HID 
154 131 192 566 
457 3035 3516 4323 FO= 233 HID 
168 123 132 278 
462 2817 3481 4363 FO= 238 HID 
133 116 186 388 
393 2897 3338 4338 FO= 112 HID 
(SAXAC<AT 1) WDllO FRAME=45 m=l2 BW: 
(SAXAC<AT 1) WDllO FRAME=40 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=29 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=28 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=35 m=l2 BW: 
(SAXAC<AT 1) WD108 FRAME=37 m=l2 BW: 
(SAXAC<AT 1) WDllO FRAME=48 m=l2 BW: 
(SAXAC<AT 1) WDllO FRAME=34 m=l2 BW: 
(SAXAC<AT 1) WDllO FRAME=35 m=l2 BW: 
(SAXAC<AT 1) WD104 FRAME=32 m=l2 BW: 
(SAXAC<AT 1) WD104 FRAME=26 m=l2 BW: 
(SAXAC<AT 1) WD104 FRAME=41 m-12 BW: 
(SAXAC<DT 2) WD200 FRAME=40 m=l2 BW: 
(SAXAC<DT 2) WD200 FRAME=44 m=l2 BW: 
(SAXAC<DT 2) WD200 FRAME=48 m=l2 BW: 
(SAXAC<DT 2) WD206 FRAME=44 m=l2 BW: 
(SAXAC<DT 2) WD206 FRAME=37 m=l2 BW: 
(SAXAC<DT 2) WD206 FRAME=57 m=l2 BW: 
(SAXAC<DT 2) WD201 FRAME=40 m=l2 BW: 
(SAXAC<DT 2) WD201 FRAME=42 m=l2 BW: 
(SAXAC<DT 2) WD201 FRAME=36 m=l2 BW: 
(SAXAC<DT 2) WD201 FRAME=36 m=l2 BW: 
(SAXAC<DT 2) WD201 FRAME=39 m=l2 BW: 



























































































4303 FO= 227 
238 
4482 FO= 233 
251 
4461 FO= 233 
325 
4303 FO= 222 
171 
4352 FO= 111 
175 








4177 FO= 244 HAD 
190 
4190 FO= 227 HAD 
210 
4031 FO= 227 HAD 
194 
4294 FO= 114 HAD 
177 
4235 FO= 116 HAD 
180 
4189 FO= 222 HAD 
180 
4052 FO= 227 HARD 
499 
3147 FO= 227 HARD 
244 
3790 FO= 233 HARD 
183 
4007 FO= 244 HARD 
144 
3920 FO= 244 HARD 
370 
958 1583 2399 3553 FO= 222 HARD 
227 282 180 192 
%%%%%%%%%% 
%%%%%%%%%% 
864 1603 3041 4027 FO= 222 HUD 
126 313 223 265 
881 1680 _317 6 398 8 FO= 111 HUD 



























4005 FO= 116 HUD 
154 
4135 FO= 109 HUD 
260 
4098 FO= 233 HUD 
278 
4096 FO= 222 HUD 
268 
628 1042 2940 3979 FO= 108 HOD 
(SAXAC<DT 2) WD202 FRAME=42 m=l2 BW: 
(SAXAC<DT 2) WD202 FRAME=43 m=l2 BW: 
(SAXAC<DT 2) WD202 FRAME=29 m=l2 BW: 
(SAXAC<DT 2) WD209 FRAME=42 m=l2 BW: 
(SAXAC<DT 2) WD209 FRAME=31 m=12 BW: 
(SAXAC<DT 2) WD209 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD203 FRAME=33 m=12 BW: 
(SAXAC<DT 2) WD203 FRAME=41 m=12 BW: 
(SAXAC<DT 2) WD203 FRAME=32 m=12 BW: 
(SAXAC<DT 2) WD203 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD203 FRAME=33 m=12 BW: 
(SAXAC<DT 2) WD203 FRAME=40 m=12 BW: 
(SAXAC<DT 2) WD204 FRAME=33 m=12 BW: 
(SAXAC<DT 2) WD204 FRAME=38 m=12 BW: 
(SAXAC<DT 2) WD204 FRAME=43 m=l2 BW: 
(SAXAC<DT 2) WD200 FRAME=58 m=12 BW: 
(SAXAC<DT 2) WD200 FRAME=40 m=l2 BW: 
(SAXAC<DT 2) WD200 FRAME=41 m=l2 BW: 
(SAXAC<DT 2) WD205 FRAME=36 m=l2 BW: 
(SAXAC<DT 2) WD205 FRAME=32 m=l2 BW: 
(SAXAC<DT 2) WD205 FRAME=27 m=l2 BW: 
(SAXAC<DT 2) WD205 FRAME=34 m=l2 BW: 
(SAXAC<DT 2) WD205 FRAME=35 m=12 BW: 
(SAXAC<DT 2) WD205 FRAME=36 m=12 BW: 
(SAXAC<DT 2) WD206 FRAME=41 m=l2 BW: 
B-5 




2897 3960 FO= 111 HOD 
135 135 
2879 3967 FO= 217 HOD 






2990 4037 FO= 208 HOD 
277 277 
2196 3979 FO= 111 HOD 
316 218 
2886 3806 FO= 112 HOD 
















































































FO= 118 HORDE 
FO= 217 HORDE 
FO= 217 HORDE 
FO= 222 HORDE 
FO= 233 HORDE 
FO= 222 HORDE 
4337 FO= 119 HOOD 
200 
4367 FO= 111 HOOD 
129 
4344 FO= 222 HOOD 
121 
4293 FO= 106 HOOD 
193 
4458 FO= 217 HOOD 
141 
4515 FO= 217 HOOD 
155 
463 1656 2854 3874 FO= 122 WHO D 
137 212 147 442 
456 2218 2913 3865 FO= 110 WHO D 
122 184 177 
464 2272 3046 
120 143 125 
451 2181 - 2968 
137 162 135 
465 2120 3131 








FO= 217 WHO D 
FO= 110 WHO D 
FO= 213 WHO D 
466 2116 3114 3981 FO= 213 WHO D 


















4070 FO= 109 HERD 
359 
4134 FO= 217 HERD 
136 
4044 FO= 217 HERD 
(SAXAC<DT 2) WD206 FRAME=46 m=l2 BW: 
(SAXAC<DT 2) WD206 FRAME=36 m=12 BW: 
(SAXAC<DT 2) WD207 FRAME=36 m=l2 BW: 
(SAXAC<DT 2) WD207 FRAME=32 m=l2 BW: 
(SAXAC<DT 2) WD207 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD207 FRAME=48 m=l2 BW: 
(SAXAC<DT 2) WD207 FRAME=41 m=l2 BW: 
(SAXAC<DT 2) WD207 FRAME=35 m=12 BW: 
(SAXAC<DT 2) WD202 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD202 FRAME=45 m=l2 BW: 
(SAXAC<DT 2) WD202 FRAME=43 m=l2 BW: 
(SAXAC<DT 2) WD209 FRAME=40 m=l2 BW: 
(SAXAC<DT 2) WD209 FRAME=45 m=l4 BW: 
(SAXAC<DT 2) WD209 FRAME=26 m=l2 BW: 
(SAXAC<DT 2) WD210 FRAME=39 m=l2 BW: 
(SAXAC<DT 2) WD210 FRAME=39 m=l2 BW: 
(SAXAC<DT 2) WD210 FRAME=28 m=l2 BW: 
(SAXAC<DT 2) WD208 FRAME=40 m=l2 BW: 
(SAXAC<DT 2) WD208 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD208 FRAME=28 m=l2 BW: 
(SAXAC<DT 2) WD208 FRAME=35 m=l2 BW: 
(SAXAC<DT 2) WD208 FRAME=27 m=12 BW: 
(SAXAC<DT 2) WD208 FRAME=31 m=l2 BW: 
(SAXAC<DT 2) WD210 FRAME=38 m=l2 BW: 
(SAXAC<DT 2) WD210 FRAME=40 m=l2 BW: 







































336 2924 3411 4290 FO= 270 HEED 
193 147 241 242 
310 2882 3365 4280 FO= 286 HEED 
116 154 291 157 
327 2839 3414 4404 FO= 286 HEED 
172 142 215 219 
370 2970 3442 4247 FO= 233 HEED 
159 115 123 185 
384 2811 3284 4353 FO= 238 HEED 
151 121 153 154 
386 2995 3384 4617 FO= 227 HEED 





























































































FO= 256 HID 
FO= 256 HID 
FO= 244 HID 
FO= 238 HID 
FO= 238 HID 
FO= 114 HID 
FO= 238 HEAD 
FO= 233 HEAD 
FO= 238 HEAD 
FO= 233 HEAD 
FO= 233 HEAD 

































4205 FO= 238 HAD 
128 
4505 FO= 227 HAD 
319 
4277 FO= 238 HAD 
214 
4361 FO= 227 HAD 
446 
4286 FO= 233 HAD 
(SAXAC<DT 2) WD204 FRAME=32 m=l2 BW: 
(SAXAC<DT 2) WD204 FRAME=30 m=12 BW: 
(SAXAC<DT 2) WD204 FRAME=35 m=12 BW: 
(SAXAF<AT 3) WD300 FRAME=52 m=12 BW: 
(SAXAF<AT 3) WD300 FRAME=57 m=12 BW: 
(SAXAF<AT 3) WD300 FRAME=52 m=12 BW: 
(SAXAF<AT 3) WD306 FRAME=59 m=12 BW: 
(SAXAF<AT 3) WD306 FRAME=60 m=l2 BW: 
(SAXAF<AT 3) WD306 FRAME=57 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=39 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=31 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=45 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=45 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=41 m=12 BW: 
(SAXAF<AT 3) WD301 FRAME=43 m=12 BW: 
(SAXAF<AT 3) WD302 FRAME=51 m=12 BW: 
(SAXAF<AT 3) WD302 FRAME=37 m=12 BW: 
(SAXAF<AT 3) WD302 FRAME=34 m=12 BW: 
(SAXAF<AT 3) WD309 FRAME=28 m=12 BW: 
(SAXAF<AT 3) WD309 FRAME=38 m=12 BW: 
(SAXAF<AT 3) WD309 FRAME=35 m=12 BW: 
(SAXAF<AT 3) WD303 FRAME=50 m=12 BW: 
(SAXAF<AT 3) WD303 FRAME=40 m=12 BW: 
(SAXAF<AT 3) WD303 FRAME=39 m=12 BW: 
(SAXAF<AT 3) WD303 FRAME=53 m=12 BW: 
(SAXAF<AT 3) WD303 FRAME=45 m=12 BW: 
B-7 
138 175 325 325 
628 1961 2730 4336 FO= 227 HAD 

































3881 FO= 233 HARD 
203 
3888 FO= 233 HARD 
166 
4031 FO= 115 HARD 
224 
3850 FO= 256 HARD 
370 
3976 FO= 250 HARD 
307 
657 1530 2512 4149 FO= 233 HARD 















































































4259 FO= 233 
214 
4299 FO= 233 
424 
4044 FO= 233 
177 
4202 FO= 217 
149 
4034 FO= 109 
468 








3876 FO= 238 HOD 
156 
3908 FO= 233 HOD 
115 
3934 FO= 244 HOD 
179 
3864 FO= 233 HOD 
261 
3889 FO= 238 HOD 
136 







































4248 FO= 233 
204 
3933 FO= 233 
266 
4092 FO= 233 
175 
3998 FO= 233 
164 







(SAXAF<AT 3) WD303 FRAME=38 m=l2 BW: 
(SAXAF<AT 3) WD304 FRAME=43 m=l2 BW: 
(SAXAF<AT 3) WD304 FRAME=39 m=l2 BW: 
(SAXAF<AT 3) WD304 FRAME=38 m=l2 BW: 
(SAXAF<AT 3) WD300 FRAME=57 m=l2 BW: 
(SAXAF<AT 3) WD300 FRAME=32 m=l2 BW: 
(SAXAF<AT 3) WD300 FRAME=33 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=37 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=31 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=26 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=41 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=29 m=l2 BW: 
(SAXAF<AT 3) WD305 FRAME=40 m=l2 BW: 
(SAXAF<AT 3) WD306 FRAME=36 m=l2 BW: 
(SAXAF<AT 3) WD306 FRAME=36 m=l2 BW: 
(SAXAF<AT 3) WD306 FRAME=22 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=46 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=34 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=34 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=36 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=41 m=l2 BW: 
(SAXAF<AT 3) WD307 FRAME=35 m=l2 BW: 
(SAXAF<AT 3) WD302 FRAME=43 m=l2 BW: 
(SAXAF<AT 3) WD302 FRAME=54 m=l2 BW: 
(SAXAF<AT 3) WD302 FRAME=39 m=l2 BW: 
B-8 
%%%%%%%%%% 
479 1117 2759 4064 FO= 263 HOOD 
136 136 201 113 






















4063 FO= 250 HOOD 
251 
3974 FO= 256 HOOD 
226 
3503 FO= 256 HOOD 
396 
4236 FO= 250 HOOD 
145 
405 2187 2639 3908 FO= 244 WHO D 
166 112 139 174 
468 2109 2811 4087 FO= 238 WHO D 
112 116 138 212 
395 2110 2869 4113 FO= 238 WHO D 
147 115 609 378 
459 2047 2815 4227 FO= 233 WHO D 
131 157 154 140 
462 2182 3382 4080 FO= 244 WHO D 
126 125 126 191 
395 2108 2457 3944 FO= 238 WHO D 
147 113 265 186 
%%%%%%%%%% 
%%%%%%%%%% 
535 1951 2827 4371 FO= 238 HERD 
145 129 170 194 




















4232 FO= 238 HERD 
230 
4295 FO= 233 HERD 
155 
4293 FO= 233 HERD 
145 
4353 FO= 227 HERD 
185 
%%%%%%%%%% 
%%%%%%%%%% Speaker 4 (Female) 
319 2740 3136 
162 150 214 
400 2781 3102 

























4652 FO= 270 HEED 
248 
4676 FO= 227 HEED 
0 
4713 FO= 233 HEED 
210 
3728 FO= 217 HEED 
202 
3691 FO= 213 HEED 
0 









(SAXAF<AT 3) WD309 FRAME=31 m=l4 BW: 
(SAXAF<AT 3) WD309 FRAME=36 m=12 BW: 
(SAXAF<AT 3) WD309 FRAME=29 m=l2 BW: 
(SAXAF<AT 3) WD310 FRAME=45 m=l2 BW: 
(SAXAF<AT }) WD310 FRAME=32 m=l6 BW: 
(SAXAF<AT 3) WD310 FRAME=34 m=l2 BW: 
(SAXAF<AT 3) WD308 FRAME=34 m=12 BW: 
(SAXAF<AT 3) WD308 FRAME=33 m=l2 BW: 
(SAXAF<AT 3) WD308 FRAME=34 m=l2 BW: 
(SAXAF<AT 3) WD308 FRAME=31 m=l2 BW: 
(SAXAF<AT 3) WD308 FRAME=35 m=l2 BW: 
(SAXAF<AT 3) WD308 FRAME=39 m=l2 BW: 
(SAXAF<AT 3) WD310 FRAME=33 m=l2 BW: 
(SAXAF<AT 3) WD310 FRAME=33 m=l2 BW: 
(SAXAF<AT 3) WD310 FRAME=36 m=l2 BW: 
(SAXAF<AT 3) WD304 FRAME=43 m=l2 BW: 
(SAXAF<AT 3) WD304 FRAME=32 m=12 BW: 
(SAXAF<AT 3) WD304 FRAME=38 m=l2 BW: 
(SAXAF<AT 4) WD400 FRAME=57 m=l4 BW: 
(SAXAF<AT 4) WD400 FRAME=65 m=l2 BW: 
(SAXAF<AT 4) WD400 FRAME=54 m=l2 BW: 
(SAXAF<AT 4) WD406 FRAME=50 m=l2 BW: 
(SAXAF<AT 4) WD406 FRAME=52 m=12 BW: 
(SAXAF<AT 4) WD406 FRAME=54 m=l2 BW: 
(SAXAF<AT 4) WD401 FRAME=35 m=12 BW: 

























































787 2137 2887 
191 221 164 
757 2212 2827 
0 191 191 
812 2208 2764 
191 190 205 
833 2096 2933 
303 228 319 
763 2112 2912 
326 135 249 
647 2113 3013 




















4375 FO= 222 HEAD 
115 
4436 FO= 208 HEAD 
212 
4396 FO= 213 HEAD 
190 
4294 FO= 213 HEAD 
446 
3985 FO= 204 HEAD 
166 
4014 FO= 196 HEAD 
147 
4233 FO= 217 HAD 
137 
4270 FO= 217 HAD 
232 
4255 FO= 222 HAD 
146 
4218 FO= 217 HAD 
184 
4282 FO= 213 HAD 
220 
4298 FO= 189 HAD 
150 
965 1632 2856 3909 FO= 217 HARD 
538 207 347 
855 1594 2601 
283 187 377 
854 1564 2704 
181 198 208 
1015 1584 2887 





1516 - 2914 
222 169 



















4049 FO= 200 HARD 
385 
3822 FO= 200 HARD 
201 
3889 FO= 244 HARD 
148 
4031 FO= 222 
182 




4005 FO= 213 HUD 
135 
4250 FO= 116 HUD 
478 
3906 FO= 200 HUD 
194 
3798 FO= 217 HUD 
(SAXAF<AT 4) WD401 FRAME=32 m=l2 BW: 
(SAXAF<AT 4) WD401 FRAME=36 m=12 BW: 
(SAXAF<AT 4) WD401 FRAME=26 m=12 BW: 
(SAXAF<AT 4) WD401 FRAME=32 m=l2 BW: 
(SAXAF<AT 4) WD402 FRAME=38 m=12 BW: 
(SAXAF<AT 4) WD402 FRAME=38 m=l2 BW: 
(SAXAF<AT 4) WD402 FRAME=33 m=12 BW: 
(SAXAF<AT 4) WD409 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD409 FRAME=31 m=12 BW: 
(SAXAF<AT 4) WD409 FRAME=33 m=12 BW: 
(SAXAF<AT 4) WD403 FRAME=33 m=12 BW: 
(SAXAF<AT 4) WD403 FRAME=38 m=l2 BW: 
(SAXAF<AT 4) WD403 FRAME=27 m=l2 BW: 
(SAXAF<AT 4) WD403 FRAME=32 m=l2 BW: 
(SAXAF<AT 4) WD403 FRAME=28 m=l2 BW: 
(SAXAF<AT 4) WD403 FRAME=34 m=l2 BW: 
(SAXAF<AT 4) WD404 FRAME=38 m=l2 BW: 
(SAXAF<AT 4) WD404 FRAME=44 m=l2 BW: 
(SAXAF<AT 4) WD404 FRAME=27 m=l2 BW: 
(SAXAF<AT 4) WD400 FRAME=50 m=l2 BW: 
(SAXAF<AT 4) WD400 FRAME=49 m=12 BW: 
(SAXAF<AT 4) WD400 FRAME=46 m=l4 BW: 
(SAXAF<AT 4) WD405 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD405 FRAME=31 m=l2 BW: 
(SAXAF<AT 4) WD405 FRAME=27 m=l2 BW: 





















































3888 FO= 213 HUD 
301 
3987 FO= 204 HUD 
123 
3859 FO= 217 
203 
3894 FO= 98 
199 
3759 FO= 101 
203 
3691 FO= 208 
396 
3946 FO= 204 
450 




















769 2652 3461 FO= 104 HORDE 
145 259 230 
713 2506 3323 FO= 200 HORDE 
188 286 241 
767 2570 4354 FO= 200 HORDE 
128 122 1040 
788 2714 3429 FO= 217 HORDE 
166 266 141 
764 2676 3397 FO= 204 HORDE 
293 179 162 
779 2573 3411 FO= 208 HORDE 
151 165 136 
%%%%%%%%%% 
%%%%%%%%%% 
387 775 2606 3639 FO= 204 HOOD 
118 400 214 208 
392 764 2529 3485 FO= 204 HOOD 
119 193 307 119 
391 822 2575 3627 FO= 213 HOOD 
114 161 127 127 
469 1017 2460 3502 FO= 244 HOOD 
114 164 202 269 
466 1011 2512 3449 FO= 238 HOOD 
117 135 177 264 
440 927 2580 3526 FO= 116 HOOD 















































FO= 208 WHO D 
FO= 200 WHO D 
FO= 204 WHO D 
FO= 217 WHO D 
FO= 204 WHO D 
FO= 208 WHO D 
(SAXAF<AT 4) WD405 FRAME=35 m=l2 BW: 
(SAXAF<AT 4) WD405 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD406 FRAME=37 m=12 BW: 
(SAXAF<AT 4) WD406 FRAME=41 m=l2 BW: 
(SAXAF<AT 4) WD406 FRAME=23 m=l2 BW: 
(SAXAF<AT 4) WD407 FRAME=32 m=12 BW: 
(SAXAF<AT 4) WD407 FRAME=36 m=l2 BW: 
(SAXAF<AT 4) WD407 FRAME=36 m=l2 BW: 
(SAXAF<AT 4) WD407 FRAME=32 m=l2 BW: 
(SAXAF<AT 4) WD407 FRAME=30 m=l2 BW: 
(SAXAF<AT 4) WD407 FRAME=35 m=l2 BW: 
(SAXAF<AT 4) WD402 FRAME=42 m=l2 BW: 
(SAXAF<AT 4) WD402 FRAME=42 m=l2 BW: 
(SAXAF<AT 4) WD402 FRAME=46 m=l2 BW: 
(SAXAF<AT 4) WD409 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD409 FRAME=44 m=12 BW: 
(SAXAF<AT 4) WD409 FRAME=21 m=l2 BW: 
(SAXAF<AT 4) WD410 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD410 FRAME=27 m=l2 BW: 
(SAXAF<AT 4) WD410 FRAME=31 m=l2 BW: 
(SAXAF<AT 4) WD408 FRAME=32 m=l2 BW: 
(SAXAF<AT 4) WD408 FRAME=33 m=l2 BW: 
(SAXAF<AT 4) WD408 FRAME=41 m=l2 BW: 
(SAXAF<AT 4) WD408 FRAME=40 m=l2 BW: 
(SAXAF<AT 4) WD408 FRAME=34 m=l2 BW: 



































FO= 200 HERD 
FO= 204 HERD 
FO= 213 HERD 
471 1871 2657 3816 FO= 200 HERD 
138 150 147 281 
461 1799 2595 3604 FO= 200 HERD 




Speaker 5 (Female) 
3566 4207 FO= 233 HEED 
177 153 191 139 
317 2978 3608 4308 FO= 238 HEED 
186 243 213 170 
314 2879 3102 4367 FO= 256 HEED 
157 256 156 144 
388 2968 3417 4290 FO= 233 HEED 
142 121 307 
392 2818 3124 
154 145 182 
403 2813 3180 
























4267 FO= 238 HEED 
190 
4163 FO= 238 HEED 
185 
4238 FO= 227 HID 
219 
4301 FO= 238 HID 
185 
4260 FO= 238 HID 
253 
4245 FO= 250 HID 
257 
4326 FO= 244 HID 
216 
409 2748 3249 4291 FO= 233 HID 
183 152 282 138 
%%%%%%%%%% 
%%%%%%%%%% 
530 2672 3250 4323 FO= 110 HEAD 
133 180 133 158 







































FO= 238 HEAD 
FO= 222 HEAD 
FO= 233 HEAD 
FO= 227 HEAD 
794 2367 3338 4161 FO= 111 HAD 
{SAXAF<AT 4) WD410 FRAME=31 m=l2 BW: 
{SAXAF<AT 4) WD410 FRAME=26 m=l2 BW: 
{SAXAF<AT 4) WD410 FRAME=32 m=l2 BW: 
{SAXAF<AT 4) WD404 FRAME=37 m=l2 BW: 
{SAXAF<AT 4) WD404 FRAME=32 m=l2 BW: 
{SAXAF<AT 4) WD404 FRAME=38 m=l2 BW: 
{SAXAF<DT 7) WD500 FRAME=50 m=l2 BW: 
(SAXAF<DT 7) WD500 FRAME=59 m=l2 BW: 
{SAXAF<DT 7) WD500 FRAME=67 m=l2 BW: 
{SAXAF<DT 7) WD506 FRAME=57 m=l2 BW: 
{SAXAF<DT 7) WD506 FRAME=57 m=l2 BW: 
{SAXAF<DT 7) WD506 FRAME=64 m=l2 BW: 
(SAXAF<DT 7) WD501 FRAME=32 m=l2 BW: 
{SAXAF<DT 7) WD501 FRAME=52 m=l2 BW: 
(SAXAF<DT 7) WD501 FRAME=41 m=l2 BW: 
{SAXAF<DT 7) WD501 FRAME=39 m=l2 BW: 
(SAXAF<DT 7) WD501 FRAME=42 m=l2 BW: 
(SAXAF<DT 7) WD501 FRAME=37 m=l2 BW: 
(SAXAF<DT 7) WD502 FRAME=37 m=l2 BW: 
(SAXAF<DT 7) WD502 FRAME=43 m=l2 BW: 
(SAXAF<DT 7) WD502 FRAME=33 m=l2 BW: 
(SAXAF<DT 7) WD509 FRAME=44 m=l2 BW: 
(SAXAF<DT 7) WD509 FRAME=39 m=l2 BW: 
(SAXAF<DT 7) WD509 FRAME=41 m=l2 BW: 
{SAXAF<DT 7) WD503 FRAME=40 m=l2 BW: 
B-12 
427 427 272 168 
821 2314 3427 4231 FO= 238 HAD 
339 172 406 406 
745 2243 3220 4151 FO= 233 HAD 
240 222 219 215 
911 2277 3126 4152 FO= 238 HAD 
188 119 156 156 
696 2284 3020 4223 FO= 233 HAD 
251 274 326 652 
771 2210 3223 4225 FO= 227 HAD 




































3976 FO= 227 HARD 
159 
3886 FO= 222 HARD 
197 
3786 FO= 222 HARD 
147 
3943 FO= .233 HARD 
201 
3851 FO= 244 HARD 
186 
3882 FO= 244 HARD 
0 
3125 4079 FO= 217 HUD 
211 159 
3051 4077 FO= 238 HUD 
155 152 
2988 3917 FO= 233 HUD 
172 140 






184 1124 218 
1581 3057 3897 FO= 227 HUD 
213 186 197 
1735 3003 4063 FO= 233 HUD 
243 228 167 
%%%%%%%%%% 
%%%%%%%%%% 
770 1073 2441 3779 FO= 238 HOD 
284 170 287 284 
713 995 2549 3784 FO= 227 HOD 
201 282 227 213 
743 1073 2426 3852 FO= 227 HOD 
207 390 140 137 
790 1136 -2665 3748 FO= 213 HOD 
163 229 171 123 
693 1264 2558 3764 FO= 222 HOD 
189 226 276 302 
831 1191 2815 3844 FO= 217 HOD 
165 468 226 123 
%%%%%%%%%% 
%%%%%%%%%% 
483 776 2484 3705 FO= 106 HORDE 
134 134 123 176 
481 764 2382 3661 FO= 227 HORDE 
184 258 129 129 
466 856 2423 3902 FO= 233 HORDE 
(SAXAF<DT 7) WD503 FRAME=44 m=l2 BW: 
(SAXAF<DT 7) WD503 FRAME=49 m=l2 BW: 
(SAXAF<DT 7) WD503 FRAME=41 m=l2 BW: 
(SAXAF<DT 7) WD503 FRAME=36 m=l2 BW: 
(SAXAF<DT 7) WD503 FRAME=35 m=l2 BW: 
(SAXAF<DT 7) WD504 FRAME=45 m=l2 BW: 
(SAXAF<DT 7) WD504 FRAME=44 m=l2 BW: 
(SAXAF<DT 7) WD504 FRAME=SO m=l2 BW: 
(SAXAF<DT 7) WD500 FRAME=45 m=l2 BW: 
(SAXAF<DT 7) WDSOO FRAME=40 m=l2 BW: 
(SAXAF<DT 7) WD500 FRAME=37 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=41 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=44 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=39 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=42 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=32 m=l2 BW: 
(SAXAF<DT 7) WD505 FRAME=41 m=l2 BW: 
(SAXAF<DT 7) WD506 FRAME=46 m=l2 BW: 
(SAXAF<DT 7) WD506 FRAME=56 m=l2 BW: 
(SAXAF<DT 7) WD506 FRAME=46 m=l6 BW: 
(SAXAF<DT 7) WD507 FRAME=Sl m=l2 BW: 
(SAXAF<DT 7) WD507 FRAME=45 m=l4 BW: 
(SAXAF<DT 7) WD507 FRAME=50 m=l4 BW: 
(SAXAF<DT 7) WD507 FRAME=42 m=l2 BW: 
(SAXAF<DT 7) WD507 FRAME=45 m=l2 BW: 
(SAXAF<DT 7) WD507 FRAME=40 m=l2 BW: 
B-13 
18 6 124 199 
419 790 2461 
173 216 371 
456 766 2580 
174 175 344 
472 741 2600 




3822 FO= 227 
212 
3822 FO= 233 
687 





395 848 2540 3900 FO= 222 HOOD 
132 181 344 236 
404 840 2436 4058 FO= 227 HOOD 
137 263 184 157 
468 951 2258 3998 FO= 244 HOOD 
116 164 353 177 
429 885 2422 4037 FO= 233 HOOD 
180 177 266 183 
462 930 2514 4098 FO= 250 HOOD 
127 331 127 1446 
505 1034 2807 3849 FO= 222 HOOD 
199 283 227 227 
%%%%%%%%%% 
%%%%%%%%%% 



































































3921 FO= 244 WHO D 
197 
3895 FO= 244 WHO D 
188 
3829 FO= 244 WHO D 
114 
3836 FO= 244 WHO D 
129 
3876 FO= 244 WHO D 
193 
4002 FO= 244 HERD 
142 
4057 FO= 213 HERD 
132 
3993 FO= 227 HERD 
153 
4057 FO= 227 HERD 
127 
3982 FO= 233 HERD 
134 














Sneaker 6 (Female) 
2992 4484 FO= 263 HEED 
144 183 
3172 4434 FO= 263 HEED 
164 165 






4380 FO= 227 
184 
4419 FO= 238 
HEED 
HEED 
(SAXAF<DT 7) WD502 FRAME=62 m=12 BW: 
(SAXAF<DT 7) WD502 FRAME=46 m=l2 BW: 
(SAXAF<DT 7) WD502 FRAME=52 m=l2 BW: 
(SAXAF<DT 7) WD509 FRAME=37 m=l2 BW: 
(SAXAF<DT 7) WD509 FRAME=41 m=12 BW: 
(SAXAF<DT 7) WD509 FRAME=32 m=12 BW: 
(SAXAF<DT 7) WD510 FRAME=44 m=12 BW: 
(SAXAF<DT 7) WD510 FRAME=35 m=12 BW: 
(SAXAF<DT 7) WD510 FRAME=49 m=l4 BW: 
(SAXAF<DT 7) WD508 FRAME=38 m=12 BW: 
(SAXAF<DT 7) WD508 FRAME=35 m=12 BW: 
(SAXAF<DT 7) WD508 FRAME=34 m=l2 BW: 
(SAXAF<DT 7) WD508 FRAME=50 m=l2 BW: 
(SAXAF<DT 7) WD508 FRAME=26 m=l2 BW: 
(SAXAF<DT 7) WD508 FRAME=44 m=l2 BW: 
(SAXAF<DT 7) WD510 FRAME=37 m=12 BW: 
(SAXAF<DT 7) WD510 FRAME=48 m=l2 BW: 
(SAXAF<DT 7) WD510 FRAME=43 m=12 BW: 
(SAXAF<DT 7) WD504 FRAME=54 m=l2 BW: 
(SAXAF<DT 7) WD504 FRAME=33 m=12 BW: 
(SAXAF<DT 7) WD504 FRAME=39 m=l2 BW: 
(SAXAF<LT12) WD600 FRAME=60 m=l4 BW: 
(SAXAF<LT12) WD600 FRAME=44 m=12 BW: 
(SAXAF<LT12) WD600 FRAME=53 m=12 BW: 
(SAXAF<LT12) WD606 FRAME=57 m=12 BW: 
(SAXAF<LT12) WD606 FRAME=42 m=12 BW: 
B-14 
149 122 173 190 
316 2665 3014 4455 FO= 227 HEED 







































FO= 256 HID 
FO= 263 HID 
FO= 250 HID 
FO= 222 HID 
FO= 238 HID 































178 147 182 
%%%%%%%%%% 
%%%%%%%%%% 
765 2125 2992 
321 262 158 
829 2020 3037 
300 145 169 
753 2047 2991 
370 161 171 
766 2062 3019 
349 310 145 
714 2032 2960 
331 120 132 
668 2031 2955 















































4577 FO= 233 
498 
4131 FO= 227 
305 
4153 FO= 227 
614 
4391 FO= 233 
159 
4327 FO= 250 
162 




















(SAXAF<LT12) WD606 FRAME=52 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=32 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=26 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=32 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=35 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=26 rn=l2 BW: 
(SAXAF<LT12) WD601 FRAME=32 rn=12 BW: 
(SAXAF<LT12) WD602 FRAME=33 rn=12 BW: 
(SAXAF<LT12) WD602 FRAME=30 rn=l2 BW: 
(SAXAF<LT12) WD602 FRAME=28 rn=l2 BW: 
(SAXAF<LT12) WD609 FRAME=37 rn=l2 BW: 
(SAXAF<LT12) WD609 FRAME=27 m=l2 BW: 
(SAXAF<LT12) WD609 FRAME=38 rn=l2 BW: 
(SAXAF<LT12) WD603 FRAME=41 rn=l2 BW: 
(SAXAF<LT12) WD603 FRAME=30 m=l2 BW: 
(SAXAF<LT12) WD603 FRAME=31 rn=l2 BW: 
(SAXAF<LT12) WD603 FRAME=33 m=l2 BW: 
(SAXAF<LT12) WD603 FRAME=32 m=l2 BW: 
(SAXAF<LT12) WD603 FRAME=33 rn=l2 BW: 
(SAXAF<LT12) WD604 FRAME=36 rn=l2 BW: 
(SAXAF<LT12) WD604 FRAME=40 rn=l2 BW: 
(SAXAF<LT12) WD604 FRAME=29 rn=l2 BW: 
(SAXAF<LT12) WD600 FRAME=42 m=l2 BW: 
(SAXAF<LT12) WD600 FRAME=33 m=l2 BW: 





































































4563 FO= 233 HUD 
311 
4230 FO= 118 HUD 
322 
4573 FO= 227 HUD 
267 
4345 FO= 233 HUD 
381 
4303 FO= 233 HUD 
372 
4226 FO= 227 HUD 
242 
2664 4050 FO= 233 HOD 
309 216 
2323 4042 FO= 256 HOD 
311 198 
2591 4103 FO= 222 HOD 
171 185 
2665 4004 FO= 222 HOD 
161 169 
2813 4009 FO= 238 HOD 
145 140 














4000 FO= 238 HORDE 
185 
3904 FO= 233 HORDE 
314 
4038 FO= 227 HORDE 
162 
3980 FO= 238 HORDE 
161 
4057 FO= 244 HORDE 
127 
3991 FO= 233 HORDE 
123 
466 1019 2590 4085 FO= 244 HOOD 
124 174 222 150 
445 1118 2539 4046 FO= 238 HOOD 
174 321 157 184 
468 1174 _ 2414 4158 FO= 244 HOOD 
114 158 474 195 
464 1075 2580 4080 FO= 238 HOOD 


















4158 FO= 238 
231 




4206 FO= 238 WHO D 
155 
4148 FO= 244 WHO D 
(SAXAF<LT12) WD605 FRAME=33 m=l2 BW: 
(SAXAF<LT12) WD605 FRAME=49 m=l2 BW: 
(SAXAF<LT12) WD605 FRAME=32 m=l2 BW: 
(SAXAF<LT12) WD605 FRAME=46 m=l2 BW: 
(SAXAF<LT12) WD605 FRAME=36 m=l2 BW: 
(SAXAF<LT12) WD605 FRAME=37 m=l2 BW: 
(SAXAF<LT12) WD606 FRAME=36 m=l2 BW: 
(SAXAF<LT12) WD606 FRAME=41 m=l2 BW: 
(SAXAF<LT12) WD606 FRAME=28 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=44 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=35 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=41 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=33 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=40 m=l2 BW: 
(SAXAF<LT12) WD607 FRAME=31 m=l2 BW: 
(SAXAF<LT12) WD602 FRAME=32 m=l2 BW: 
(SAXAF<LT12) WD602 FRAME=33 m=l2 BW: 
(SAXAF<LT12) WD602 FRAME=34 m=l2 BW: 
(SAXAF<LT12) WD609 FRAME=35 m=l2 BW: 
(SAXAF<LT12) WD609 FRAME=35 m=l2 BW: 
(SAXAF<LT12) WD609 FRAME=27 m=l2 BW: 
(SAXAF<LT12) WD610 FRAME=38 m=l2 BW: 
(SAXAF<LT12) WD610 FRAME=26 m=12 BW: 
(SAXAF<LT12) WD610 FRAME=32 m=l2 BW: 
(SAXAF<LT12) WD608 FRAME=28 m=l2 BW: 























4206 FO= 233 WHO D 
178 
4055 FO= 227 WHO D 
166 
4136 FO= 233 WHO D 
142 
4089 FO= 238 WHO D 
142 
531 1789 2807 4257 FO= 233 HERD 
157 196 203 282 
530 1848 2961 4342 FO= 227 HERD 
236 180 138 234 
536 1859 2745 4153 FO= 233 HERD 
179 243 130 191 
492 1962 2841 4302 FO= 227 HERD 
260 147 154 335 
456 2105 2926 4279 FO= 238 HERD 
191 138 197 277 
456 1857 2759 4187 FO= 227 HERD 
182 240 206 204 
%%%%%%%%%% 






3218 4074 FO= 152 HEED 
144 135 
2943 3638 FO= 135 HEED 
234 171 
2749 3563 FO= 133 HEED 
126 137 379 261 
307 2500 2949 4317 FO= 127 HEED 
122 136 289 613 
296 2470 3043 3911 FO= 139 HEED 
134 179 396 376 
292 2490 3101 4152 FO= 133 HEED 



















































3757 FO= 125 HID 
216 
3674 FO= 122 HID 
231 
3685 FO= 127 HID 
251 
4097 FO= 127 HID 
411 
3981 FO= 128 HID 
196 









FO= 108 HEAD 
FO= 112 HEAD 
FO= 115 HEAD 
FO= 112 HEAD 
(SAXAF<LT12) WD608 FRAME=39 m=l2 BW: 
(SAXAF<LT12) WD608 FRAME=41 m=l2 BW: 
(SAXAF<LT12) WD608 FRAME=29 m=l2 BW: 
(SAXAF<LT12) WD608 FRAME=30 m=l2 BW: 
(SAXAF<LT12) WD610 FRAME=36 m=l2 BW: 
(SAXAF<LT12) WD610 FRAME=34 m=l2 BW: 
(SAXAF<LT12) WD610 FRAME=37 m=l2 BW: 
(SAXAF<LT12) WD604 FRAME=42 m=l2 BW: 
(SAXAF<LT12) WD604 FRAME=28 m=l2 BW: 
(SAXAF<LT12) WD604 FRAME=27 m=l2 BW: 
(SAXAM<JT 8) WD700 FRAME=56 m=l4 BW: 
(SAXAM<JT 8) WD700 FRAME=54 m=l4 BW: 
(SAXAM<JT 8) WD700 FRAME=48 m=l4 BW: 
(SAXAM<JT 8) WD706 FRAME=45 m=l4 BW: 
(SAXAM<JT 8) WD706 FRAME=58 m=l4 BW: 
(SAXAM<JT 8) WD706 FRAME=59 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=28 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=44 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=26 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=33 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD701 FRAME=38 m=l4 BW: 
(SAXAM<JT 8) WD702 FRAME=42 m=l4 BW: 
(SAXAM<JT 8) WD702 FRAME=43 m=l4 BW: 
(SAXAM<JT 8) WD702 FRAME=34 m=l4 BW: 




















4088 FO= 123 
268 




613 1936 2597 4195 FO= 115 HAD 
145 165 384 235 































































































3799 FO= 105 HAD 
385 
4130 FO= 105 HAD 
251 
4042 FO= 118 HAD 
185 
4302 FO= 116 HAD 
275 
3872 FO= 109 HARD 
202 
3762 FO= 103 HARD 
175 
3769 FO= 112 HARD 
230 
3788 FO= 115 HARD 
139 
3901 FO= 120 HARD 
226 
3788 FO= 128 HARD 
162 
4176 FO= 116 HUD 
311 
3738 FO= 103 HUD 
418 
3902 FO= 109 HUD 
154 
3990 FO= 118 HUD 
201 
3967 FO= 120 HUD 
137 
4015 FO= 116 HUD 
161 
629 973 2642 3732 FO= 112 HOD 
182 163 201 132 
637 
168 
955 2646 3699 FO= 109 HOD 
168 152 
630 1058 2524 
142 142 143 
622 927 2734 
124 546 175 
634 923 2652 
146 261 169 
623 974 2605 
151 
3518 FO= 105 HOD 
127 
3695 FO= 122 HOD 
144 
3670 FO= 130 HOD 
191 
3700 FO= 123 HOD 
(SAXAM<JT 8) WD709 FRAME=30 m=l4 BW: 
(SAXAM<JT 8) WD709 FRAME=36 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=42 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=43 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=35 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=45 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=39 m=l4 BW: 
(SAXAM<JT 8) WD703 FRAME=36 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=33 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=46 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=30 m=l4 BW: 
(SAXAM<JT 8) WD700 FRAME=42 m=l4 BW: 
(SAXAM<JT 8) WD700 FRAME=35 m=l4 BW: 
(SAXAM<JT 8) WD700 FRAME•35 m-14 BW: 
(SAXAM<JT 8) WD705 FRAME=26 m=l4 BW: 
(SAXAM<JT 8) WD705 FRAME=36 m=l4 BW: 
(SAXAM<JT 8) WD705 FRAME=37 m=l4 BW: 
(SAXAM<JT 8) WD705 FRAME=39 m=l4 BW: 
(SAXAM<JT 8) WD705 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD705 FRAME=39 m=l4 BW: 
(SAXAM<JT 8) WD706 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD706 FRAME=48 m=l6 BW: 
(SAXAM<JT 8) WD706 FRAME=46 m=l4 BW: 
(SAXAM<JT 8) WD707 FRAME=38 m=l4 BW: 
(SAXAM<JT 8) WD707 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD707 FRAME=36 m=l4 BW: 
B-18 







































3437 FO= 108 
143 
3500 FO= 101 
210 
3441 FO= 106 
211 
3482 FO= 108 
151 
3519 FO= 122 
202 






















985 2455 3176 FO= 123 HOOD 
143 180 180 
1073 2455 3058 FO= 111 HOOD 
136 274 274 
1094 2439 3271 FO= 120 HOOD 
237 156 125 
933 2493 3754 FO= 147 HOOD 
192 178 153 
833 2393 3732 FO= 147 HOOD 
255 242 131 
1029 3244 4034 FO= 179 HOOD 





























3420 FO= 119 WHO D 
118 
3428 FO= 111 WHO D 
125 
3388 FO= 127 WHO D 
178 
3973 FO= 127 WHO D 
513 
3897 FO= 130 WHO D 
173 
3393 FO= 127 WHO D 
126 
429 1640 2511 3631 FO= 112 HERD 

















3422 FO= 103 HERD 
202 
3352 FO= 106 HERD 
179 
4012 FO= 108 HERD 
354 
3830 FO= 466 HERD 
163 
467 1638 2543 3504 FO= 110 HERD 
129 117 164 216 
%%%%%%%%%% 
%%%%%%%%%% Speaker 8 (Kale) 
310 2457 2815 3915 FO= 149 HEED 
(SAXAM<JT 8) WD707 FRAME=47 m=14 BW: 
(SAXAM<JT 8) WD707 FRAME=41 m=l6 BW: 
(SAXAM<JT 8) WD707 FRAME=SO m=l4 BW: 
(SAXAM<JT 8) WD702 FRAME=55 m=14 BW: 
(SAXAM<JT 8) WD702 FRAME=44 m=l4 BW: 
(SAXAM<JT 8) WD702 FRAME=46 m=16 BW: 
(SAXAM<JT 8) WD709 FRAME=40 m=14 BW: 
(SAXAM<JT 8) WD709 FRAME=30 m=l4 BW: 
(SAXAM<JT 8) WD709 FRAME=26 m=l4 BW: 
(SAXAM<JT 8) WD710 FRAME=22 m=l4 BW: 
(SAXAM<JT 8) WD710 FRAME=27 m=l4 BW: 
(SAXAM<JT 8) WD710 FRAME=40 m=l4 BW: 
(SAXAM<JT 8) WD708 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD708 FRAME=31 m=l4 BW: 
(SAXAM<JT 8) WD708 FRAME=30 m=l4 BW: 
(SAXAM<JT 8) WD708 FRAME=29 m=l4 BW: 
(SAXAM<JT 8) WD708 FRAME=30 m=14 BW: 
(SAXAM<JT 8) WD708 FRAME=38 m=14 BW: 
(SAXAM<JT 8) WD710 FRAME=34 m=l4 BW: 
(SAXAM<JT 8) WD710 FRAME=40 m=l4 BW: 
(SAXAM<JT 8) WD710 FRAME=38 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=37 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=29 m=l4 BW: 
(SAXAM<JT 8) WD704 FRAME=37 m=l4 BW: 
(SAXAM<PT10) WD800 FRAME=52 m=l4 BW: 
B-19 
116 170 206 291 
311 2501 2780 4264 FO= 154 HEED 
113 140 260 168 
317 2499 3126 3934 FO= 179 HEED 
141 137 308 331 
261 2452 2813 3669 FO= 132 HEED 
152 191 283 261 
305 2359 2620 3675 FO= 132 HEED 
134 152 396 321 
299 2519 2867 3889 FO= 139 HEED 





























519 2041 2613 
161 140 182 
501 1954 2468 
184 114 227 
515 1985 2568 
154 140 133 
492 1962 2515 
171 123 219 
542 2031 2663 
124 130 249 
542 1989 2565 



























3744 FO= 141 HEAD 
120 
3770 FO= 133 HEAD 
179 
3678 FO= 133 HEAD 
197 
3884 FO= 133 HEAD 
929 
3753 FO= 139 HEAD 
161 
3852 FO= 141 HEAD 
200 
687 1806 2529 3769 FO= 137 HAD 
143 141 242 201 
747 1814 2565 3785 FO= 141 HAD 
170 136 282 229 
680 1810 2539 3819 FO= 133 HAD 
149 136 191 153 
633 1836 2558 3796 FO= 135 HAD 
154 177 231 191 
695 1795 2572 3786 FO= 139 HAD 
138 118 355 177 
670 1729 2496 3874 FO= 139 HAD 


















3672 FO= 137 
138 
3678 FO= 130 
156 




(SAXAM<PT10) WD800 FRAME=57 m=14 BW: 
(SAXAM<PTlO) WD800 FRAME=55 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=48 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=48 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=62 m=l4 BW: 
(SAXAM<PT10) WD801 FRAME=41 m=l4 BW: 
(SAXAM<PT10) WD801 FRAME=27 m=l4 BW: 
(SAXAM<PT10) WD801 FRAME=33 m=14 BW: 
(SAXAM<PT10) WD801 FRAME=39 m=l4 BW: 
(SAXAM<PT10) WD801 FRAME=31 m=l4 BW: 
(SAXAM<PT10) WD801 FRAME=32 m=l4 BW: 
(SAXAM<PT10) WD802 FRAME=44 m=l4 BW: 
(SAXAM<PT10) WD802 FRAME=48 m=14 BW: 
(SAXAM<PT10) WD802 FRAME=26 m=14 BW: 
(SAXAM<PT10) WD809 FRAME=41 m=l4 BW: 
(SAXAM<PT10) WD809 FRAME=41 m=l4 BW: 
(SAXAM<PT10) WD809 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD803 FRAME=38 m=14 BW: 
(SAXAM<PT10) WD803 FRAME=40 m=l4 BW: 
(SAXAM<PT10) WD803 FRAME=26 m=14 BW: 
(SAXAM<PT10) WD803 FRAME=45 m=l4 BW: 
(SAXAM<PT10) WD803 FRAME=37 m=l4 BW: 
(SAXAM<PT10) WD803 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=39 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=43 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=37 m=l4 BW: 
B-20 
138 155 330 
711 1160 2635 
148 304 658 
705 1077 2647 
122 325 151 
716 1248 248 6 
155 134 233 
%%%%%%%%%% 
%%%%%%%%%% 
706 1235 2264 
130 238 431 
708 1235 2317 
184 284 327 
691 1140 2279 
142 192 309 
624 1264 2276 
119 387 193 
690 1151 2300 
150 247 413 
693 1251 2449 








































FO= 139 HARD 
FO= 135 HARD 
FO= 143 HARD 
3014 FO= 143 HUD 
431 
3786 FO= 133 HUD 
233 
2838 FO= 137 HUD 
309 
3768 FO= 132 HUD 
130 
3755 FO= 139 HUD 
202 












FO= 137 HOD 
FO= 130 HOD 
FO= 133 HOD 
FO= 137 HOD 
FO= 135 HOD 
547 787 2612 3743 FO= 137 HOD 
123 141 315 145 
%%%%%%%%%% 
%%%%%%%%%% 
398 700 2590 3678 FO= 141 HORDE 
130 116 238 132 
437 673 2219 3665 FO= 133 HORDE 
206 157 516 553 
395 621 2203 3750 FO= 132 HORDE 
136 141 145 938 
392 689 2445 3462 FO= 139 HORDE 
122 132 301 181 








































FO= 145 HORDE 
3357 FO= 145 HOOD 
351 
3605 FO= 135 HOOD 
471 
3608 FO= 141 HOOD 
238 
3590 FO= 137 HOOD 
204 
3619 FO= 143 HOOD 
(SAXAM<PT10) WD800 FRAME=42 m=l4 BW: 
(SAXAM<PTlO) WD800 FRAME=40 m=l4 BW: 
(SAXAM<PT10) WD800 FRAME=37 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=36 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=42 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=35 m=l4 BW: 
(SAXAM<PT10) WD805 FRAME=35 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=39 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=37 m=l4 BW: 
(SAXAM<PT10) WD806 FRAME=36 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=38 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=46 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=48 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=43 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD807 FRAME=36 m=l4 BW: 
(SAXAM<PT10) WD802 FRAME=48 m=l4 BW: 
(SAXAM<PTlO) WD802 FRAME=42 m=l4 BW: 
(SAXAM<PT10) WD802 FRAME=47 m=l4 BW: 
(SAXAM<PT10) WD809 FRAME=30 m=l4 BW: 
(SAXAM<PTlO) WD809 FRAME=29 m=l4 BW: 
(SAXAM<PT10) WD809 FRAME=31 m=l4 BW: 
(SAXAM<PT10) WD810 FRAME=35 m=l4 BW: 
(SAXAM<PT10) WD810 FRAME=39 m=l4 BW: 
B-21 
121 119 116 160 
390 857 2265 3314 FO= 143 HOOD 
122 113 115 267 
%%%%%%%%%% 
%%%%%%%%%% 
391 1480 2315 3550 FO= 145 WHO D 











1484 2271 3621 FO= 135 WHO D 
119 131 344 
1559 2271 3406 FO= 143 WHO D 
126 144 270 
1490 2266 3664 FO= 137 WHO D 
126 124 121 
1483 2271 3535 FO= 141 WHO D 
138 129 186 
1481 2350 3675 FO= 145 WHO D 
133 171 117 
%%%%%%%%%% 
%%%%%%%%%% 
525 1552 2318 3675 FO= 139 HERD 
162 137 135 572 
476 1533 2255 3737 FO= 132 HERD 
136 205 134 116 
472 1483 2343 3684 FO= 133 HERD 
139 119 127 172 
472 1545 2269 3764 FO= 139 HERD 
153 138 205 136 
489 1484 2266 3803 FO= 135 HERD 
160 127 133 529 
473 1478 2271 3668 FO= 137 HERD 





Sneaker 9 (Kale) 


































309 2292 - 2918 
124 170 186 
309 2429 3013 


























3402 FO= 128 HEED 
140 
3373 FO= 130 HEED 
301 
3284 FO= 104 HEED 
277 
3538 FO= 104 HEED 
411 






FO= 108 HID 
FO= 106 HID 
3504 FO= 105 HID 
122 
3395 FO= 100 HID 
207 
3516 FO= 112 HID 
135 
3397 FO= 105 HID 
116 
(SAXAM<PT10) WD810 FRAME=43 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=31 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=30 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=32 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=31 m=l4 BW: 
(SAXAM<PT10) WD808 FRAME=30 m=l4 BW: 
(SAXAM<PT10) WD810 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD810 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD810 FRAME=33 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=36 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=34 m=l4 BW: 
(SAXAM<PT10) WD804 FRAME=37 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=60 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=58 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=54 m=l4 BW: 
(SAXAM<GR 9) WD906 FRAME=51 m=l4 BW: 
(SAXAM<GR 9) WD906 FRAME=58 m=l4 BW: 
(SAXAM<GR 9) WD906 FRAME=59 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=36 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=39 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=33 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=31 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=29 m=l4 BW: 
(SAXAM<GR 9) WD901 FRAME=47 m=l6 BW: 
B-22 
%%%%%%%%%% 
434 2279 2829 
140 154 266 
416 2537 2935 
141 190 284 
439 2380 2867 
159 196 392 
3419 FO= 106 HEAD 
161 
3350 FO= 109 HEAD 
229 
3426 FO= 109 HEAD 
159 
462 2297 2765 3397 FO= 102 HEAD 
134 139 236 462 
438 2347 2929 3514 FO= 104 HEAD 
146 157 314 279 
456 2424 2909 3489 FO= 104 HEAD 























3338 FO= 104 HAD 
513 
3502 FO= 106 HAD 
145 
3381 FO= 97 HAD 
308 
3422 FO= 105 HAD 
243 
3484 FO= 114 HAD 
334 
700 2250 2849 3494 FO= 108 HAD 









































FO= 105 HARD 
FO= 109 HARD 
FO= 103 HARD 
FO= 118 HARD 
FO= 125 HARD 













1323 2856 3925 FO= 103 HUD 
185 213 198 
1313 2886 3769 FO= 108 HUD 
177 147 343 
1308 .2843 3857 FO= 102 HUD 
186 254 500 
1392 2741 3997 FO= 101 HUD 
154 210 139 
1323 2737 3909 FO= 108 HUD 
178 125 119 
1395 2740 3117 FO= 99 HUD 
133 137 245 
%%%%%%%%%% 
%%%%%%%%%% 
554 856 2661 3249 FO= 109 HOD 
130 148 158 158 
548 755 2729 3310 FO= 104 HOD 
(SAXAM<GR 9) WD902 FRAME=37 m=l4 BW: 
(SAXAM<GR 9) WD902 FRAME=40 m=l4 BW: 
(SAXAM<GR 9) WD902 FRAME=36 m=l4 BW: 
(SAXAM<GR 9) WD909 FRAME=43 m=l4 BW: 
(SAXAM<GR 9) WD909 FRAME=32 m=l4 BW: 
(SAXAM<GR 9) WD909 FRAME=42 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=45 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=37 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=39 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=39 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=31 m=l4 BW: 
(SAXAM<GR 9) WD903 FRAME=34 m=l4 BW: 
(SAXAM<GR 9) WD904 FRAME=34 m=l4 BW: 
(SAXAM<GR 9) WD904 FRAME=31 m=l4 BW: 
(SAXAM<GR 9) WD904 FRAME=37 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=37 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=45 m=l4 BW: 
(SAXAM<GR 9) WD900 FRAME=43 m=l4 BW: 
(SAXAM<GR 9) WD905 FRAME=36 m=14 BW: 
(SAXAM<GR 9) WD905 FRAME=33 m=l4 BW: 
(SAXAM<GR 9) WD905 FRAME=36 m=14 BW: 
(SAXAM<GR 9) WD905 FRAME=42 m=l4 BW: 
(SAXAM<GR 9) WD905 FRAME=35 m=l4 BW: 
(SAXAM<GR 9) WD905 FRAME=39 m=l4 BW: 
(SAXAM<GR 9) WD906 FRAME=36 m=l4 BW: 






























3304 FO= 103 HOD 
184 
3399 FO= 105 HOD 
205 
3372 FO= 105 HOD 
152 




391 597 2573 3212 FO= 98 HORDE 











522 2743 3224 FO= 114 HORDE 
185 384 253 
586 2636 3207 FO= 105 HORDE 
207 214 151 
676 2602 3309 FO= 112 HORDE 
0 0 122 
604 2454 3218 FO= 112 HORDE 
177 260 145 
596 2549 3194 FO= 110 HORDE 















827 2354 3027 FO= 122 HOOD 
183 156 195 
661 2411 3058 FO= 123 HOOD 
128 259 259 
617 2338 3000 FO= 132 HOOD 
212 187 140 
675 2513 3381 FO= 118 HOOD 
152 519 136 
690 2549 3368 FO= 115 HOOD 
143 291 210 
687 2537 3368 FO= 114 HOOD 
165 238 165 
%%%%%%%%%% 
%%%%%%%%%% 
311 1585 2264 3256 FO= 115 WHO D 
117 151 116 156 
316 1474 2188 3314 FO= 125 WHO D 
122 137 118 167 
378 1562 2268 3109 FO= 109 WHO D 
133 142 125 287 



































3157 FO= 114 WHO D 
304 
3364 FO= 111 WHO D 
279 
3176 FO= 116 HERD 
324 
3615 FO= 116 HERD 
206 
3671 FO= 105 HERD 
147 
3315 FO= 103 HERD 
(SAXAM<GR 9) WD906 FRAME=36 m=l4 BW: 
(SAXAM<GR 9) WD907 FRAME=52 m=14 BW: 
(SAXAM<GR 9) WD907 FRAME=30 m=14 BW: 
(SAXAM<GR 9) WD907 FRAME=35 m=l4 BW: 
(SAXAM<GR 9) WD907 FRAME=56 m=14 BW: 
(SAXAM<GR 9) WD907 FRAME=33 m=14 BW: 
(SAXAM<GR 9) WD907 FRAME=46 m=14 BW: 
(SAXAM<GR 9) WD902 FRAME=66 m=16 BW: 
(SAXAM<GR 9) WD902 FRAME=35 m=14 BW: 
(SAXAM<GR 9) WD902 FRAME=36 m=20 BW: 
(SAXAM<GR 9) WD909 FRAME=33 m=14 BW: 
(SAXAM<GR 9) WD909 FRAME=33 m=14 BW: 
(SAXAM<GR 9) WD909 FRAME=32 m=l4 BW: 
(SAXAM<GR 9) WD910 FRAME=35 m=l4 BW: 
(SAXAM<GR 9) WD910 FRAME=30 m=l4 BW: 
(SAXAM<GR 9) WD910 FRAME=36 m=14 BW: 
(SAXAM<GR 9) WD908 FRAME=30 m=l4 BW: 
(SAXAM<GR 9) WD908 FRAME=21 m=l4 BW: 
(SAXAM<GR 9) WD908 FRAME=29 m=l4 BW: 
(SAXAM<GR 9) WD908 FRAME=44 m=l4 BW: 
(SAXAM<GR 9) WD908 FRAME=31 m=l4 BW: 
(SAXAM<GR 9) WD908 FRAME=31 m=l4 BW: 
(SAXAM<GR 9) WD910 FRAME=25 m=14 BW: 
(SAXAM<GR 9) WD910 FRAME=22 m=14 BW: 
{SAXAM<GR 9) WD910 FRAME=37 m=14 BW: 
{SAXAM<GR 9) WD904 FRAME=46 m=l4 BW: 
B-24 
122 129 175 161 
461 1562 2470 3481 FO= 112 HERD (SAXAM<GR 9) WD904 FRAME=30 m=l4 BW: 
133 113 213 302 
423 1641 2573 3387 FO= 103 HERD (SAXAM<GR 9) WD904 FRAME=47 m=l4 BW: 




Intra-Transcriber Transcription Variation Data for the Analysis of Section 5.3.3. 
The following tables, summansmg an analysis of 5,940 transcription points 
recorded by a single phonetician transcriber, show the degrees of intra-transcriber 
variation in the initial transcription data of the main study. The speakers are 
arranged in columns and the vowels in rows. Each vowel was transcribed ten times in 
randomised sequences, and a linear range (in both vertical and horizontal directions) 
was measured to characterise each cluster. In the tables, cluster types are denoted 
by a letter symbol defined as follows. 
T: tight cluster; within one-third cardinal distance in both directions. 
W: weaker, but well-defined cluster; within one-half cardinal distance in 
both directions. 
L: loose cluster; beyond one-half cardinal distance in either direction. 
Numbers appearing with cluster types indicate clear visual outliers that 
do not contribute to the characterisation of the clusters. 
One cardinal distance is defined as the graphic distance between two adjacent 
cardinal vowels in the transcription space (i.e., vowel quadrilateral). The cardinal 
vowels are equidistant in the dimension of openness, but not in the dimension of 
frontness. See Section 5.2.2 for the description of this latter dimension. The ac-
tual dimensions of the cardinal distance used here to classify the clusters in the 
tables were determined from the dimensions of the vowel quadrilateral used in the 
transcription task. 
ASCII coded IPA symbols, slightly modified from the original proposal by Millar 
and Oasa (1981), are adopted here and wherever else the generation of IPA script 
is difficult. The translation is straightforward: i= i, I= I, e= E, re= @, a= a, A= 
A, n= 0, :>= o, U= U, u= u, and 3= 3. 
The two tables on the final page show cluster type frequencies for each vowel 
category and for each speaker. 
C-1 
IH-DI Word Repetition Set 1: 
I SP 1 I SP2 SP3 I SP 4 SP 5 SP6 I SP7 I SP8 l SP9 I I I 
i I T T T T T \V T w I T I 
I T T T I w I L+l w I w w I T 
I T w T 
I 
T I w w T w T E I I 
(ii), I w I w T w I L I L \ L w I w 
a w w \V w \V \V w L w 
/\ W+l L w w I L I w w I L w 
0 w L+l w w I w w L L w 
0 w L+l w T T ! w I w T w 
u w w w w ! L+3 L w \V \V 
u W+2 I w ! T+l I w I L I L w w w I I 
3 w w w w w w w w I L 
IH-DI Word Repetition Set 2: 
SP 1 SP2 SP3 SP4 SPS SP 6 SP7 SP8 SP 9 
i T T T \V+l T T T T T 
I W+l T T L+2 \V+l T w w w 
E w \\l T \V w T+l w w T 
(ii), w I w w I W+l \V I w v.,r I L+l I T 
a w w w w w T T w w 
/\ W+l I w w I T \V w w w w 
0 w w w w L w W+l w w 
0 w w w T w W+l w w T 
u L w w \V V./ w w w w 
u w T+4 T+l w \V w w I w T+l 
3 I w I w w I v.,r Vv' w w w T 
IH-DI Word Repetition Set 3: 
SP 1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 
i T I T T T T T T T T 
I W+2 T w W+J T T I T W+2 w 
E T T T \V+l T T w I T T 
(ii), T w T T T w T w T 
a T w T T w T w w T 
- I --'------~ A T I w w w w T w w T 
0 w i w w I w \V w I \V I T \V 
0 w T T T T T w T T 
u I w w T w w w w w w 
u \V w w w I \V T w T w 
3 w I \V w T w w \V T \V I 
C-2 
IH-DI Word Repetition Set 4: 
SP 1 SP2 SP3 SP4 SP5 SP6 SP7 i SP8 SP9 
i T T T T T T T i T T 
I T T I T \V w w T T Vvr 
E I T w T T T T T T I T 
(ii), w T T+l w T I w T i T I T 
a I T T T T T T \V T w 
/\ T w w w T T w L I T 
0 T w w w w w w w w 
0 T T I T T I T T I T T T 
u 'W+l w w T w \V \V i T w 
u T w w w W+l w I w w I T 
3 w w w w w w T I T T 
!H-DI Word Repetition Set 5: 
SP 1 SP2 SP3 SP4 SP5 SP6 SP7 SP8 SP9 
i T+l T T T T T T T T 
I w w w \V w T T \V T 
E T T T T w L T T T 
(ii), w I w I T T I W+l w T w T 
a T w \V T w \V w w w 
/\ w w w T w w T w w 
0 T w w w w W+l w w w 
0 I T T T w w T w T T 
u w W+l w T+l w L w w T 
u T w w w W+l I L L I w w 
3 \V Vl w w w L+l w I w T 
1H-DI w-ord Repetition Set 6: 
SP 1 SP2 SP3 SP4 SPS SP6 SP7 SP8 SP9 
i T T T w I T w T T T 
I w T T Vv' L w T w Vv' 
E T T T T T w T w T 
(ii>. w w- \V+3 w w w w I w \V 
a w T \V T w w \V \V T 
/\ 
-T w I w I T I w Vvr w I T T 
0 w W+l w T T T w w w 
0 w T T T T T T T T 
u T L \V w L \V w w w 
u \V w w I w w w w w L 
3 w T w w w w w I w L 
C-3 
Cluster Type Frequencies for Each Vowel Category: 
T w L I Total 
i 49 5 0 54 
I 22 29 3 54 
E 37 16 1 54 
~ 18 32 41 54 
a 19 34 1 54 
I\ 14 36 4 54 
0 6 44 4 54 
0 35 18 1 54 
u 6 42 6 54 
u 9 40 5 54 
3 8 43 3 54 




Cluster Type Frequencies for Each Speaker: 
SPl SP2 SP3 SP4 SPS SP6 SP7 SP8 SP9 
T 27 23 29 26 19 21 22 22 34 
w 38 39 37 39 39 38 41 39 29 
L 1 4 0 1 8 7 3 5 3 
Total 66 66 66 66 66 66 66 66 66 
C-4 
